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Abstract

To slow down or even realize negative raising rate of the CO» atmospheric levels, diminishing the
CO> emission from diverse large-scale sources has become increasingly urgent. Gas separation
membrane technology has long been considered as one of the most promising solution for CO:
capture due largely to its high energy and cost efficiency, remarkable operational simplicity and
reliability and overall environmental compatibility. Polymers have been the major gas separation
membrane materials in commercial applications in the past 50 years because of the lower cost and
superior processability. However, the performances of current polymeric membranes are still
insufficiently to make the membrane process economically comparable to other CO, capture
technologies (i.e., amine-based absorption). Hence, the objective of this study is to develop a series
of highly permeable polymeric membranes for post-combustion CO; capture. Two approaches

have been employed to achieve this objective.

First of all, cross-linked polyethylene glycol (PEG) membranes with interpenetrating networks
have been developed based on click reactions. The single gas permeation results showed that the
gas transport properties of the as-prepared membranes are strongly dependent on the cross-linker
functionality, the ratio of interpenetrating networks and the length of linear monomers. Within
investigated range, the less functionality of cross-linkers results in membranes with higher
flexibility, and monomers with longer molecular chain lead to higher CO» diffusivity, of which
both increase the CO; permeability. All the obtained membranes display almost constant CO2/N;
ideal selectivity. Moreover, free liquid additives, including low-molecular-weight PEG and several
ionic liquids (ILs), have been added into the optimized cross-linked matrix at different loading
levels to further enhance gas transport properties. It is found out that the CO, permeability greatly
increases with the free PEG content, due to the largely enhanced CO. diffusivity and the CO»
solubility. Similar trend has been also obtained for CO2/N; ideal selectivity. The optimization of
the polymeric network and the incorporation of free PEG endow significant improvement in CO»
separation performances: CO» permeability rising from 1.54 Barrer to 196.4 Barrer and CO2/N>
ideal selectivity rising from 29 to 54, respectively. Furthermore, the effects of adding ILs in cross-
linked PEG membranes have also been studied. The characterization results regarding to the
material properties and CO; separation performances show that the ILs play a different role on the
cross-linked PEG membranes, which are greatly affected by the anion. CO> permeability firstly
decreases at low IL loading (< 20 wt.%) and then increases with further addition of ILs. Further
analysis shows that unlike free PEG, the presence of ILs reduces CO; diffusivity within the whole
studied range. Considering COz solubility, adding ILs into PEG matrix firstly reduces CO2
solubility at low IL loading, further increasing ILs content may result in an unchanged or higher

value, depending on the intrinsic CO» affinity of ILs. Hence, the order of increment in CO>
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permeability matches to their CO; affinity, which is [Bmim][NTf;] = [Bmim][TCM] >

[Bmim][BF4]. On the other hand, the CO2/N> selectivity of all cross-linked PEG/IL hybrid
membranes decreases with ILs content, regardless of the IL composition and the used cross-linking
reactions, mainly because of the intrinsically lower CO2/N; selectivity values of these ILs

compared to PEG.

Physically blending zeolitic imidazolate frameworks (ZIFs) particles into polymeric membranes
has also been taken as the second approach to improve the membrane performance. Firstly, a series
of ZIFs cuboids with controllable thickness have been developed by synthesizing at room
temperature in aqueous polymeric solutions, it is found out that the polymeric additives have great
effect on the fabricated ZIF’s morphologies and properties. Mixed matrix membranes (MMMs)
were fabricated by incorporating the obtained ZIF cuboids into Pebax 1657 matrix. The gas
separation results show that the addition of ZIFs has positive effects on the overall gas separation
performances, due largely to the extra molecular sieving and the increased free volume brought by
the ZIFs and the altered polymeric chain packing. The one with the highest thickness (170 nm)
exhibits the highest CO permeability (387.2 Barrer, 4.6-fold) with a moderate CO2/N> selectivity
(47.1, 2.4-fold) under humidified conditions, compared to the other two analogies. Some of the
membrane performance are close to or reach the Robeson upper bound for several gas pairs.
Secondly, in addition to the size effects, three ZIFs with different shapes (particle, needle, and leaf)
were employed as the fillers in Pebax 2533 to study their influences on the CO; separation
performance. The gas permeation results show that there exists the optimized ZIFs contents for all
Pebax 2533 + ZIFs membranes, which are 10 wt.%, 10 wt.% and 5 wt.% for particle-, needle- and
leaf-like ZIFs, respectively. The highest CO; permeability obtained from each series are similar,
and among them, the performance closest to upper bound in this work is Pebax 2533 + 10 wt.%
needle-like ZIF. It is worth mentioning that the leaf-like ZIF suffers severe filler agglomeration
and phase separation in membranes at high loading (20 wt.%), but it has comparable gas transport
performance to the one containing 10 wt.% needle-like ZIF at lower loading (5 wt.%), which may
reduce the cost of membrane materials. Thirdly, two almost identical leaf-like ZIFs with different
metal ions have been incorporated into troger base (TB) -based polymers. Despite the similarity in
crystal structure and particle morphology of the employed ZIFs, the membranes containing ZIF-
L-Co display higher gas permeabilities for all studied gases with similar gas selectivities than TB
+ ZIF-L-Zn membranes. Combing with the material property results, it is believed that the stiffer
Co-N bonds reduce the pore size and thus restrict the transport of big molecules but benefit the
small ones. Hence the membranes containing ZIF-L-Co have gained more in H permeability than

other gases, which may make these membranes as good candidates for H> separation application.
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Chapter 1

Introduction

Long-term observation has shown that the average global temperature has consistently increased
and been already around 1.0 °C above the pre-industrial level, as shown in Figure 1 (A) [1], close
the 1.5 °C target [2, 3]. A special report issued by the Intergovernmental Panel on Climate
Change (IPCC) in 2018 has predicted that the global warming of 1.5 °C is likely to take place if
the temperature continues increasing with the current rate. This report suggests that the impacts of
passing 1.5 °C line includes increasing the global average temperature, extreme weather in most

inhabited regions and rising sea level [4].

It has been widely accepted that this anthropogenic global warming directly results from the rising
atmospheric CO> level, as presented in Figure 1(B) [5]. The CO; in atmosphere prevents heat
escaping from the earth and keeps the earth warm. However, the CO2 emission during the industrial
period has excessed the level that the biological system can absorb, and as a result, the CO2
concentration keeps increasing. The CO» concentration in atmosphere passed 400 ppm in 2015,
and the increase rate is around 2 ~ 3 ppm / year recently [5]. To prevent the 1.5 °C scenario, the
CO; emission should be reduced, and the net emission is suggested to be below zero by 2050, as
stated by the Paris agreement [6]. Several strategies that may help cutting down CO> emission
have been proposed and developed. The most promising ones include improving the current energy
conversion efficiency, applying CO: capture and storage (CCS) technology and replacing fossil
energy with renewable sources [7]. Since fossil energy sources will still occupy the biggest energy
market shares in the coming decades, at present time CCS has been widely recognized as a key

technology to reduce CO> emission and then mitigate global warming [8].
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Figure 1.1 A) Global annual mean surface air temperature change with a function of time (1880 to 2020)
[1], B) atmospheric CO> level changes with time since the 1980s [5]

1.1 CO; capture routes

In CCS, the CO> produced from power plants or industrial processes could be collected through
one of these routes: pre-combustion capture, post-combustion capture and oxyfuel combustion, as
shown in Figure 1.2 [9]. Subsequently, the CO2 will be transported by ships or pipelines and stored

typically in a geological formation.

The post-combustion capture is usually applied in large-scale processes, like power plants, cement
kilns and steel production plants, where fossil fuel is burning in air. The CO> is captured from the
flue gas. The flue gas usually has a total pressure close to atmospheric pressure with a CO»
concentration of 3 - 15 %, varying in processes [10]. On the other hand, pre-combustion system
captures CO2 before fuel combustion, usually employed in an integrated gasification combined
cycle (IGCC) process. Because of the higher CO2 concentration (ca. 35 %) and pressure (ca. 30
bar) [11], and hence the higher driving force for separation in pre-combustion system, it normally
has lower energy consumption compared to the post-combustion process. For oxy-combustion,
pure oxygen (> 95%) is used as the combustion atmosphere instead of air. Therefore, the flue gas
mainly consists of CO2 and H>O, and the flow of fuel gas is relatively lower compared with those
in post-combustion or pre-combustion systems.

Other than capturing CO2 from power-generation sectors, CO2 could also be potentially captured
from several industrial processes with large quantities and low cost. In these cases, the CO2 is the
unwanted compound inside the products, like in nature gas sweetening, or the by-product in some
processes, such as iron and steel industry, cement production and ammonia production. It is worth
noticing that CO: capture in these scenarios may be easier than post-combustion since the CO»

concentration is higher. For example, the flue gas from steel and cement plants contain 20 % and



15 -30 vol% of COx, respectively. Moreover, the post-combustion capture system can be adjusted

and applied to these emission sites [12, 13].
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Figure 1.2 Schematic representation of CCS strategies [12].

1.2 CO; separation technologies for post-combustion capture

Post-combustion capture has been the hard core for CCS in the coming decades due to its mature
engineering and possible retrofit to large-scale emission sources [8, 14, 15]. However, the main
obstacle of this process is the low CO; partial pressure and the high-volume of the flue gas stream.
Moreover, flue gas usually contains a wide variety of contaminants including fly ash, SO2, NOy,
water, and trace metals. Therefore, robust and highly efficient technologies with considerable
capacity are highly required for economically feasible post-combustion CO> capture. So far,
several technologies have been employed for carbon capture, including absorption, adsorption,

membrane and cryogenic process, as shown in Figure 1.3.

Absorption or scrubbing is the most widely studied and preferred technology for carbon capture,
as it has been used for industrial gas treatment since 1930 [16]. The flue gas after removal of SO»
and NOx will meet the lean solvents, and the CO, will be absorbed because of the chemical or
physical interaction, but not N2. Then the COa-rich solvent will be regenerated under higher
temperature to release the captured CO., which will be collected as pure gas for other applications
or transportation. There currently exist two types of solvents: chemical solvents, like amine, amino
salt and ammonia, and physical solvents, such as Selexol (dimethyl ethers of polyethylene glycol)
and Rectisol (methanol) [17]. Among them, the amine-based solvents are the most common ones
and have been employed in several large-scale capture systems. However, the amine-based

absorption system is greatly costly and energy-intensive. An amine-based system requires around

3



30% power produced by the plant to remove 90% CO: in flue gas, and the CO> capture cost is
predicted to be around 40— 100 $/ ton CO; [9]. The cost of capturing may be reduced by improving
solvents or process configurations [10, 18], but quite limited. Some advanced solvents, such as
KS-1, ethyldiethanolamine and ionic liquids (ILs), are more expensive and sensitive to the
impurities or process upsets, so the cost may not be reduced [19]. Furthermore, the optimization

of process parameters usually results in other issues, such as deteriorating operation flexibility.
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Figure 1.3 CO; separation technologies

In addition, other technologies, like adsorption and cryogenic, have also been developing for CO»
capture in the past decades, but very limited applied for large-scale sites. Adsorption is a
technology involving selectively absorbing COz on the surface of absorbents from gas streams by
weak intermolecular forces or chemical bonding [20]. Normally pre-treatment is needed before the
CO; adsorption taking place in the adsorption bed. The CO2 will be trapped inside the pores of
these absorbents until fully loaded. Then the absorbents will be regenerated by increasing
temperature (temperature swing adsorption) or reducing pressure (pressure swing adsorption). The

released CO» will be collected during the regeneration [20, 21].

Different from aforementioned processes, in a cryogenic process, the gas mixture is cooled down
and the CO; firstly condensates due to its relatively higher vapor temperature. Then the pure CO>
will be pumped into pipes or gas bottles for further usage [22, 23]. Despite the very high CO»
purity can be obtained (almost 100 %) and avoided cooling energy for further CO; transport, this
method is still rarely used in CO> capture process because of the very high energy cost, mainly
used for creating cryogenic conditions. Additionally, the water in flue gas should be removed

before cooling to prevent plugging by ice or the unfavorably significant pressure drop [24].



Integration of this method with other technologies into several hybrid systems, like membrane-
cryogenic [22, 25], can be another option. Other technologies, like chemical looping [26, 27], are
believed as promising alternatives to the conventional CO> capture technologies, but still remained

in research level, far beyond the commercialization stage.

Another promising method for CO; capture is membrane separation, which has been employed for
gas treatment since the 1980s. In a typical membrane process, the gas streams pass along the
selective side of the membranes. The preferred compounds for membranes will permeate to
another side of the membranes, while the less-permeating compounds are retained at the feed-
stream side and exit the membrane modules as the retentate stream. The partial pressure difference
of a particular gas across the membranes is the driving force for the permeation process. Therefore,
compressing the feed stream or vacuuming the permeate side are usually employed to obtain a
higher driving force and thus better separation. Because there is non-phase transition involved in
membrane gas separation, the energy needed for membrane separation, and consequently cost for
membrane process are much reduced compared to its analogies [28]. It is predicted that energy
consumption will reduce >90% if all current thermal-inducing processes are replaced by the
membrane processes [29]. Moreover, gas separation membranes have other characteristic
advantages, such as environmental-friendly, compact design and operation simplicity [14, 30].
This relatively economical and green technology has attracted widespread attentions in the
academicals and industrials, indicating by the number of publications and the related citations, as
presented in Figure 1.4.
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Figure 1.4 Number of annual publications and citation related to the search terms “membrane” AND
“CO; capture” OR “CO; separation” vs year (1996 to 2019).



1.3 Membrane materials for CO; separation

Membrane material is the key element for membrane processes. Thus, improving the membrane
gas separation performance will enhance the competitiveness of membrane technology. Enormous
research efforts have been devoted to developing new membrane materials or making new
combinations based on current materials. The membrane materials used for CO> separation are
generally divided into three categories: polymeric, inorganic and polymer-inorganic hybrid

materials.

Polymeric membranes occupy more than 90% market shares of the gas separation membranes, to
a large extent due to their superior film-forming ability, processability and good mechanical
properties [31]. However, the current polymeric membranes suffer from the trade-off between
permeability and selectivity, so-called Robeson upper bound [32], meaning that the highly
permeable polymers usually have low selectivity, and vice versa. Polymers with higher
permeability and /or higher selectivity have been designed and developed based on the related
fundamental of polymer and membrane, which mainly revolves around two directions: increasing
the free volume of polymeric membranes, leading to a higher gas diffusivity, or enhancing the CO»
affinity of membrane materials, which benefits the solubility and CO2/light gas selectivity. The
representative candidates for the first one include the polyimide (PI) [33], polymers of intrinsic
microporosity (PIM) [34, 35], thermally rearranged (TR) polymers [36, 37], while polyethylene
oxide (PEO) or polyethylene glycol (PEG)-based materials [38, 39] and facilitated transport
membranes [40] are the typical ones for second approach. Some of the developed high
performance membranes have already been fabricated into thin film composite membranes and

tested in pre-pilot [41, 42] or even pilot scale [43, 44].

In parallel to the polymeric materials, inorganic membranes are drawn considerable research
attentions for their excellent thermal and chemical stability, good chemical resistance and
outstanding separation performance. Generally, ceramics, carbon [45, 46], zeolite [47], and metal—
organic frameworks [48-50] are the most common membrane materials used for CO» separation.
Although inorganic membranes offer unique properties, certain aspects still require further
improvements, including the mechanical resistance, reproducibility, long-term stability and, more
importantly, fabrication costs. Due to these factors, inorganic membranes are not preferred

materials for the post-combustion capture, which requires high separation capacity.

In order to overcome the limitations of both polymeric and inorganic membranes materials, hybrid
membranes containing these both materials, so-called mixed matrix membranes (MMMs), have
been developed, which are usually prepared by imbedding inorganic fillers into polymeric matrices.

MMMs have been considered as a solution to combine the advantages from both sides [51-54].



Most of the employed inorganic fillers are porous with suitable pore sizes aiming for its both high
gas permeability and high selectivity due to the molecular sieving effects. To date, the research
attentions have been mainly devoted to preparing MMMs containing highly permeable / selective
inorganic nanomaterials, such as zeolitic imidazolate frameworks (ZIFs), or other two-dimensional
(2D) materials, like graphene oxide. Additionally, more and more research works have found that
other factors, including the pairing of fillers and polymeric matrix, the interface morphology
between two phases and the morphology of fillers or the pores play important roles in the
performance of the resultant MMMs. The study of MMM s are still remaining in initial stage, and
only a handful of MMMs have been fabricated into compositing membranes, rarely for the large-

scale tests.

The current work takes two approaches to enhance the CO2 separation performances of membranes
that are suitable for post-combustion CO; capture. The first one revolves around the highly CO»-
philic PEG-based materials, which have high CO2/light gas selectivity but extremely low gas
transport properties as a result of the highly crystalline nature. New cross-linking methods based
on highly efficient “click reaction” have been developed to fabricate and optimize the cross-linking
PEG-based membranes, which could reduce the crystalline tendency and hence achieve the higher
CO; permeability. Furthermore, low-molecular-weight additives (free PEG and ILs) have been
incorporated into the optimized PEG-based membranes to further improve the gas separation
performances. The gas separation performances of these membranes have been systemically
evaluated using single gas permeation tests. The materials properties were also studied by various

characterization methods.

The second approach is developing ZIF-based MMMs with the focuses on the influences of fillers’
morphology (size and shape) and chemical nature of the inorganic fillers on gas separation
performances of the resultant MMMs investigated by incorporating various ZIF fillers into
different polymeric matrix. The gas separation performances of these resultant membranes have
been systemically evaluated by mixed gas permeation or single gas permeation tests under
different test conditions. The materials properties were also studied by various characterization

methods.

1.4 Research objectives

The primary aim of this research has been to enhance the current membrane separation properties
for post-combustion CO capture by: i) developing new cross-linking reactions for PEG-based
materials and ii) adding nanofillers into polymeric membranes and studying the effects of filler’s
morphology on the gas separation performances of the resultant MMMs. The sub-goals for each

approach are listed as follows:



1) Cross-linked PEG-based / organic additives membranes

To screen proper reactions for cross-linking PEG membranes and the organic additives
incorporated into cross-linked PEG membranes;

To fabricate the cross-linked PEG membranes based on the chosen cross-linking reactions,
as well as the membranes containing organic additives;

To characterize the cross-linked PEG / organic additives membranes with various
technologies, such as TGA, DSC, XRD and FTIR;

To investigate the CO; separation performance of developed membranes by single gas
permeation tests;

To optimize the developed membranes by tuning the cross-linking parameters and organic
additives.

2) ZIFs-based mixed matrix membranes

To study the influences of the soft templates used in ZIFs preparation on the properties and
the morphology of the resultant ZIFs.

To fabricate the mixed matrix membranes containing the developed ZIFs.

To characterize the developed ZIFs and the mixed matrix membranes with various
characterization technologies;

To test the CO» separation performance of developed membranes by mixed gas permeation
tests;

To investigate the effects of morphology and chemistry of ZIFs on the material properties
of the developed membranes and optimize the developed membranes based on the CO>

separation performances.

1.5 Outline of this thesis

This thesis consists of two main parts:

Part I contains four chapters to give a general introduction of this thesis. Chapter 1 briefly

introduces the background of the global warming and CO; emission, CO> capture technologies,

the research objectives and the outline of this thesis. A general overview of polymeric membranes

for gas separation and details literature review of PEG-based membranes and the mixed matrix

membranes containing ZIFs are provided in Chapter 2. Chapter 3 includes the technical details in

materials, experiments and the characterization methods used in this study. Finally, the conclusions

obtained from this research and some suggestions for further work are presented in Chapter 4.

Part II is a collection of six research papers resulted from this work.



Paper 1 reports a new preparation method combining aza-Michael reaction and free radical

polymerization for cross-linking PEG membranes. Paper 2 presents the influences of incorporating

IL into cross-linked PEG membranes on gas separation properties. Paper 3 focuses on the cross-

linked PEG membranes prepared by thiol click reactions and the effects of ILs in this system.

Paper 4 reports a facile preparation for a series of new ZIF cuboids with controllable morphology

and the effects of ZIF cuboids’ thickness on the resultant Pebax + ZIFs membranes. Paper 5

compares the influences of ZIFs with different shapes on the Pebax + ZIFs membranes. Paper 6

reports the incorporation of two leaf-like ZIFs into troger base-based membranes and discusses the

impacts of the ZIF’s chemistry on the performances of the resultant mixed matrix membranes.

1.6 Main contributions of the papers

Paper 1. Jing Deng performed most of the experiments and wrote the manuscript, and the
tensile tests was conducted by Miss. Jiaqi Yan. The rest of the authors contributed to the
manuscript structuring and revision.

Paper 2. This paper is written by Jing Deng. The experiments were designed and performed
by Jing Deng and former master student Junbo Yu, respectively. The rest of the authors
contributed to the manuscript structuring and revision.

Paper 3. Jing Deng performed all the experiments and wrote the manuscript. The rest of
the authors contributed to the manuscript structuring and revision.

Paper 4. Jing Deng performed membrane preparation, the relevant characterization and
permeation tests, and wrote the manuscript. Dr. Zhongde Dai proposed the preparation
method for synthesizing ZIF cuboids and prepared the ZIF cuboids. Dr. Jingwei Hou
performed the XPS tests and related analysis. The rest of the authors contributed to the
manuscript structuring and revision.

Paper 5. Jing Deng performed membrane preparation, the relevant characterization and
permeation tests, and wrote the manuscript. Dr. Zhongde Dai prepared the ZIFs employed
in this work. The rest of the authors contributed to the manuscript structuring and revision.
Paper 6. Jing Deng performed membrane preparation, the relevant characterization and
permeation tests, and wrote the manuscript. Dr. Zhongde Dai synthesized troger base-based
polymers and prepared the ZIFs employed in this work. The rest of the authors contributed

to the manuscript structuring and revision.

References

L.

GISS Surface Temperature Analysis 2019. Available from:
https://data.giss.nasa.gov/gistemp/graphs_v4/.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

V. Masson-Delmotte, P. Zhai, H.O. Pértner, et al., Global warming of 1.5°C. An IPCC
Special Report on the impacts of global warming of 1.5°C above pre-industrial levels and
related global greenhouse gas emission pathways, in the context of strengthening the
global response to the threat of climate change, sustainable development, and efforts to
eradicate poverty. 2018, Intergovernmental Panel on Climate Change (IPCC).

M. Hulme, /.5 °C and climate research after the Paris Agreement. Nature Climate Change,
2016. 6, 222.

W. Zhang, T. Zhou, L. Zou, et al., Reduced exposure to extreme precipitation from 0.5 °C
less warming in global land monsoon regions. Nature Communications, 2018. 9(1), 3153.
Trends in  Atmospheric Carbon Dioxide. 2019. Available from:
http://www.esrl.noaa.gov/gmd/ccgg/trends/global.html.

C.-F. Schleussner, J. Rogelj, M. Schaeffer, et al., Science and policy characteristics of the
Paris Agreement temperature goal. Nature Climate Change, 2016. 6, 827.

C.o.t.E. Union, Energy and climate change—elements of the final compromise. 2008,
Council of the European Union Brussels, Belgium.

E.S. Rubin, J.E. Davison, and H.J. Herzog, The cost of CO: capture and storage. Int. J.
Greenhouse Gas Control, 2015. 40, 378-400.

T.C. Merkel, H. Lin, X. Wei, et al., Power plant post-combustion carbon dioxide capture:
an opportunity for membranes. J. Membr. Sci., 2010. 359(1), 126-139.

Y. Wang, L. Zhao, A. Otto, et al., A Review of Post-combustion CO> Capture Technologies
from Coal-fired Power Plants. Energy Procedia, 2017. 114, 650-665.

D.M. D'Alessandro, B. Smit, and J.R. Long, Carbon dioxide capture: prospects for new
materials. Angew. Chem. Int. Ed., 2010. 49(35), 6058-6082.

B. Metz, O. Davidson, H. De Coninck, et al., IPCC special report on carbon dioxide
capture and storage. 2005, Intergovernmental Panel on Climate Change.

M. Bui, C.S. Adjiman, A. Bardow, et al., Carbon capture and storage (CCS): the way
forward. Energy Environ. Sci., 2018. 11(5), 1062-1176.

J.D. Figueroa, T. Fout, S. Plasynski, et al., Advances in CO: capture technology—The U.S.
Department of Energy's Carbon Sequestration Program. Int. J. Greenhouse Gas Control,
2008. 2(1), 9-20.

H. Herzog, J. Meldon, and A. Hatton, Advanced post-combustion CO: capture. 2009, Clean
Air Task Force. p. 39.

A. Kothandaraman, Carbon dioxide capture by chemical absorption: a solvent comparison
study, in Department of Chemical Engineering. 2010, Massachusetts Institute of
Technology Cambridge, Massachusetts, the United State.

M. Wang, A. Lawal, P. Stephenson, et al., Post-combustion CO> capture with chemical
absorption: A state-of-the-art review. Chem. Eng. Res. Des., 2011. 89(9), 1609-1624.
G.T. Rochelle, Conventional amine scrubbing for CO: capture, in Absorption-Based Post-
combustion Capture of Carbon Dioxide, P.H.M. Feron, Editor. 2016, Woodhead
Publishing. p. 35-67.

G.T. Rochelle, Amine Scrubbing for CO> Capture. Science, 2009. 325(5948), 1652-1654.
E.E. Unveren, B.O. Monkul, S. Sarioglan, et al., Solid amine sorbents for CO; capture by
chemical adsorption: A review. Petroleum, 2017. 3(1), 37-50.

A. Samanta, A. Zhao, G.K. Shimizu, et al., Post-combustion CO: capture using solid
sorbents: a review. Ind. Eng. Chem. Res., 2011. 51(4), 1438-1463.

10



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

C.A. Scholes, M.T. Ho, D.E. Wiley, et al., Cost competitive membrane—cryogenic post-
combustion carbon capture. Int. J. Greenhouse Gas Control, 2013. 17, 341-348.

M. Jensen, Energy Process Enabled by Cryogenic Carbon Capture, in Department of
Chemical Engineering. 2015, Brigham Young University.

A. Brunetti, F. Scura, G. Barbieri, et al., Membrane technologies for CO: separation. J.
Membr. Sci., 2010. 359(1), 115-125.

C. Song, Q. Liu, N. Ji, et al., Alternative pathways for efficient CO; capture by hybrid
processes—A review. Renewable and Sustainable Energy Reviews, 2018. 82, 215-231.
M.M. Hossain and H.I. de Lasa, Chemical-looping combustion (CLC) for inherent CO>
separations—a review. Chem. Eng. Sci., 2008. 63(18), 4433-4451.

T. Lockwood, 4 compararitive review of next-generation carbon capture technologies for
coal-fired power plant. Energy Procedia, 2017. 114, 2658-2670.

R. Bounaceur, N. Lape, D. Roizard, et al., Membrane processes for post-combustion
carbon dioxide capture: A parametric study. Energy, 2006. 31(14), 2556-2570.

D.S. Sholl and R.P. Lively, Seven chemical separations to change the world. Nature News,
2016. 532(7600), 435.

H.B. Park, J. Kamcev, L.M. Robeson, et al., Maximizing the right stuff: The trade-off
between membrane permeability and selectivity. Science, 2017. 356(6343), eaab0530.

S. Wang, X. Li, H. Wu, et al., Advances in high permeability polymer-based membrane
materials for CO; separations. Energy Environ. Sci., 2016. 9(6), 1863-1890.

L.M. Robeson, The upper bound revisited. J. Membr. Sci., 2008. 320(1), 390-400.

Y. Xiao, B.T. Low, S.S. Hosseini, et al., The strategies of molecular architecture and
modification of polyimide-based membranes for CO> removal from natural gas—A review.
Prog. Polym. Sci., 2009. 34(6), 561-580.

S. Yi, B. Ghanem, Y. Liu, et al., Ultraselective glassy polymer membranes with
unprecedented performance for energy-efficient sour gas separation. Science advances,
2019. 5(5), eaaw5459.

M. Carta, R. Malpass-Evans, M. Croad, et al., An Efficient Polymer Molecular Sieve for
Membrane Gas Separations. Science, 2013. 339(6117), 303.

H.B. Park, S.H. Han, C.H. Jung, et al., Thermally rearranged (TR) polymer membranes for
CO: separation. J. Membir. Sci., 2010. 359(1), 11-24.

M. Cersosimo, A. Brunetti, E. Drioli, et al., Separation of CO: from humidified ternary gas
mixtures using thermally rearranged polymeric membranes. J. Membr. Sci., 2015. 492,
257-262.

S.L. Liu, L. Shao, M.L. Chua, et al., Recent progress in the design of advanced PEO-
containing membranes for CO; removal. Prog. Polym. Sci., 2013. 38(7), 1089-1120.

H. Lin and B.D. Freeman, Gas solubility, diffusivity and permeability in poly(ethylene
oxide). J. Membr. Sci., 2004. 239(1), 105-117.

L. Deng, T.-J. Kim, and M.-B. Hégg, Facilitated transport of CO: in novel PVAm/PVA
blend membrane. J. Membr. Sci., 2009. 340(1), 154-163.

Z. Dai, S. Fabio, N. Giuseppe Marino, et al., Field test of a pre-pilot scale hollow fiber
facilitated transport membrane for CO; capture. Int. J. Greenhouse Gas Control, 2019. 86,
191-200.

Y. Han, W. Salim, K.K. Chen, et al., Field trial of spiral-wound facilitated transport
membrane module for CO; capture from flue gas. J. Membr. Sci., 2019. 575, 242-251.

11



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

T. Brinkmann, C. Naderipour, J. Pohlmann, et al., Pilot scale investigations of the removal
of carbon dioxide from hydrocarbon gas streams using poly (ethylene oxide)—poly
(butylene terephthalate) PolyActive™) thin film composite membranes. J. Membr. Sci.,
2015. 489, 237-247.

H. Lin, Z. He, Z. Sun, et al., CO;-selective membranes for hydrogen production and CO:
capture — Part I: Membrane development. J. Membr. Sci., 2014. 457, 149-161.

W. Qiu, J. Vaughn, G. Liu, et al., Hyperaging Tuning of a Carbon Molecular-Sieve Hollow
Fiber Membrane with Extraordinary Gas-Separation Performance and Stability. Angew.
Chem. Int. Ed., 2019. 58(34), 11700-11703.

Y. Cao, K. Zhang, O. Sanyal, et al., Carbon Molecular Sieve Membrane Preparation by
Economical Coating and Pyrolysis of Porous Polymer Hollow Fibers. Angew. Chem. Int.
Ed., 2019. 58(35), 12149-12153.

H. Guo, G. Zhu, H. Li, et al., Hierarchical Growth of Large-Scale Ordered Zeolite
Silicalite-1 Membranes with High Permeability and Selectivity for Recycling CO,. Angew.
Chem. Int. Ed., 2006. 45(42), 7053-7056.

E. Jang, E. Kim, H. Kim, et al., Formation of ZIF-8 membranes inside porous supports for
improving both their H2/CO; separation performance and thermal/mechanical stability. J.
Membr. Sci., 2017. 540, 430-439.

F. Cacho-Bailo, 1. Matito-Martos, J. Perez-Carbajo, et al., On the molecular mechanisms
for the H»/CO; separation performance of zeolite imidazolate framework two-layered
membranes. Chem. Sci., 2017. 8(1), 325-333.

A. Huang, Q. Liu, N. Wang, et al., Bicontinuous Zeolitic Imidazolate Framework ZIF-
8@GO Membrane with Enhanced Hydrogen Selectivity. J. Am. Chem. Soc.,2014. 136(42),
14686-14689.

B. Seoane, J. Coronas, I. Gascon, et al., Metal-organic framework based mixed matrix
membranes: a solution for highly efficient CO> capture? Chem. Soc. Rev., 2015. 44(8),
2421-2454.

M. Galizia, W.S. Chi, Z.P. Smith, et al., 50th Anniversary Perspective: Polymers and
Mixed Matrix Membranes for Gas and Vapor Separation: A Review and Prospective
Opportunities. Macromolecules, 2017. 50(20), 7809-7843.

Y. Cheng, Y. Ying, S. Japip, et al., Advanced Porous Materials in Mixed Matrix
Membranes. Adv. Mater., 2018. 30(47), 1802401.

R. Lin, B. Villacorta Hernandez, L. Ge, et al., Metal organic framework based mixed
matrix membranes: an overview on filler/polymer interfaces. J. Mater. Chem. A, 2018. 6(2),
293-312.

12



Chapter 2

Background and Theory

2.1 Polymeric membranes

It is commonly accepted that polymeric membranes have been and will be the dominating
membranes for most of the gas separation applications. Polymers are fabricated into dense
membranes, from self-standing membranes for fundamental studies to the composite membranes
with a thin selective layer for large scale separations. Therefore, the polymer properties related to
gas separation performances will be briefly introduced in this chapter. Also, the gas transport
mechanism inside dense polymeric membranes will be discussed. Finally, the state-of-the-art

COs separation membranes will be summarized.
2.1.1. Properties of polymers

As the separation performance of a material is greatly affected by both physical and
chemical properties, in this section, the polymer properties related to the gas separation
performances will be briefly introduced, including the state of polymer, free volume and
crystallization.

2.1.1.1 State of polymer

For most polymers, there exists a glassy transition temperature, at a temperature above which
the polymer is in the rubbery state, while below which, it becomes the glassy state. The
polymeric chains are highly restricted and cannot rotate freely around the main chains in the

glassy state. Hence, the polymeric chains inthe glassy state are considered as rigid and

13



restricted. As the temperature increases some minor motions can happen for side chains or a fe

se ments of the main chains. When the temperature goes above Tg, the polymeric chains have
sufficient energy to overcome the rotational restriction and the interactions between polymeric
chains. Thus in the rubbery state the polymers have more feasibility. Remarkable changes can
be observed for many physical properties of polymers around Tg like tensile modulus,

specific heat, free volume, and permeability, which will be discussed in this section.

The chemical structure of polymeric chains and the types of intermolecular interactions have
great influences on the glassy transition temperature. The chain flexibility is mainly depending
on the chemical structures of the main chains. For example, the presence of aromatic groups in
the main chains will dramatically increase T, while the ones with simple bonds, like -C-C, or -
C-O-, have much lower glass transition temperatures. In addition, the side groups also have

minor effect on the Tg by aryin the intermolecular distance and the interactions.
2.1.1.2 Free volume theory

Free volume is the space unoccupied by the macromolecules, commonly defined as the
differences between the specific volume of polymer and the volume occupied by the
molecules. Numerous small spaces between the polymer chains in the amorphous, non-
crystalline domain of the materials gives the free volume of these materials. Generally
speaking, the free volume is a small percentage (10 — 35%, depending on polymers and the
calculation methods) [1] of the total volume, but these spaces are sufficient for the motion of

polymeric chain and allowing small molecules passing through.

In the glassy state, the free volume of a specific polymer keeps almost unchanged, as shown in
Figure 2.3. There exists a sharp change at T,. Above Ty, the free volume is increasing with the
temperature at a constant rate. Based on the understanding of solution-diffusion theory, this
increment will result in an enhancement of diffusivity and thus the permeability. However, it

may also cause a board free volume element distribution, which may worsen the separation.

It is worth noticing that the free volume of a glass polymer consists of two parts: insufficient
packing and the excess free volume due to the restricted chains [1, 2]. For some polymers, like
poly(1-trimethylsilyl-1-propyne) (PTMSP), the second part counts a considerably large portion
in the total free volume. However, the polymer chains will eventually move to the equilibrium
state, suggesting the excess free volume will decrease with time. This phenomenon has been
observed in almost all high free volume glassy polymers, such as PTMSP [3, 4], poly(4-methyl-
2-pentyne) (PMP) [5, 6], and PIM-1 [7-9], indicated by the decrease of gas permeability with
time, which is named as “physical aging”. While for most glassy polymers except these high-
free-volume ones, this excess free volume fraction and the loss in their gas permeability with

time are negligible. 14



Some researchers have tried to link the diffusivity or permeability with (fractional) free volume
[10, 11]. However, the correlation matches excellently to the experimental data only within similar
polymer types [12], not very efficient for different kinds of structures. Moreover, these studies

were mainly limited to glassy polymers.
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Figure 2.5 Polymer’s free volume as a function of temperature. Reproduced from ref. [13].
2.1.1.3 Crystallization

Some polymers have regular structural units or/and very strong intermolecular interactions, such
as hydrogen bonding, and the polymeric chains will fold close and form ordered regions, which
may grow further to larger structures named crystallites. This behavior is called crystallization,
which may happen during cooling from a temperature above melting temperature, mechanical
stretching or solvent evaporation. Generally, most polymers are semi-crystalline, consisting both
amorphous and crystalline zones. Numerous small crystallites randomly distribute through the
polymer and connected by the amorphous domains, as shown in Figure 2. 4 [14]. The size of
crystallites is usually at nanoscale or even smaller, and the shape may be different from case to

case.

Therefore, the degree of crystallinity is a very useful index to understand how far it deviates from
the amorphous state. The degree of crystallinity of most semi-crystalline polymers is typically
within 10 —80 % [15]. It can be characterized by various approaches [ 16], but differential scanning
calorimetry (DSC) [17-19] and X-ray diffraction (XRD) [20, 21] are the most commonly used two.
The typic basis for these measurements is that the apparent polymer is composed of an ideally
perfectly ordered crystalline phase and a disordered liquid-like phase [14], which contributes to all
overall properties based on their portion. However, it may not be the actual case during research,

and hence the values obtained from different technologies may be quite different. In addition, the
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direct observation of nanoscale polymer’s crystallites by microscopies has been also reported [22,

23]. It is worth noticing that the crystallinity degree cannot reflect any information for the size or

F &/
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=90

Figure 2.6 Amorphous (left) and semi-crystalline (right) polymer structures.

shape of crystallites.

Crystallization in polymers may cause different behaviors compared with the completely
amorphous ones (without crystallization) in plenty of physical and chemical properties. For
example, the tensile modulus (one parameter of mechanical properties) is largely influenced by
the presence of crystallites, as depicted in Figure 2.5. All polymers behave similar at glassy state,
suggesting the presence of crystallites has little influence on this mechanical property. However,
when the temperature is higher than Ty, the tensile modulus of amorphous polymers decreases
dramatically, while the perfect crystalline polymers almost maintain the same level until it reaches
the melting temperature (Tw). In the case of the semi-crystalline polymers, the modulus will
decrease but with a much lower decreasing rate at rubbery state, which is because that the restricted
polymers turn to flexible chains at the point of T, while the crystallites remain unchanged under
this condition. But all crystallites will disappear at above the melting point, and thus a considerable

decrease will be observed at Tr.

Another important physical property largely affected by crystallization is permeation properties.
The crystallites are widely accepted as impermeable zones, which shrinks the efficient area for
permeation and hence, the overall permeation properties [24, 25]. However, the decrease in
permeability does not accompany an increase in selectivity: the selectivity remains the same.
Hence, the materials with relatively high crystallinity are generally unfavorable as the selective

layer in the composite membranes [26].
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Figure 2.7 Modulus vs temperature curves of amorphous, semi-crystalline and crystalline polymers.
Reproduced from Ref. [13].

2.1.2. Gas transport mechanism in dense polymeric membranes

For dense polymeric membranes, there are two major gas transport mechanisms: solution-diffusion
and facilitated transport. Generally speaking, the solution-diffusion mechanism exists in all gas
transport processes, but the facilitated transport only happens for specified gas-polymer pairs based
on the interactions between gas and certain compounds/functional groups in membranes. The most
well-known example is the amine-containing membranes for CO» separation, which normally
display high CO; permeability/permeance and CO»/light gas selectivity [27], as a result of the extra

transport route for COa.

On the other hand, solution-diffusion theory is the classical mechanism describing how gases
transport across most of the polymeric membranes. It is usually believed to consist of five parts:
gas diffuses from the bulk of feed streams to membrane surface, being adsorbed at the membrane
surface in the feed side, diffuses through membranes, being desorbed on the other membrane
surface in the permeate side, and diffuses to the bulk permeate gas. The main three parts, except
the diffusion in the feed stream or permeate side, are shown in Figure 2.1. The driving force for

this process is the partial pressure differences of the penetrant gases across membranes.

Generally speaking, the gas transportation rate (permeability, P) through membranes can be
affected by the absorption capacity and diffusion rate inside membranes, defining as the solubility
(S,ecm3(STP)em™2 cmHg™1) and diffusivity (D, cm?s™1), respectively. As a result, permeability

is a product of these two factors, as shown in equation (2.1):

PA = SA X DA (2.1)
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It is worth mentioning that the gas permeability of certain materials is an intrinsic property. Barrer
is the most commonly used unit of  permeability, 1 Barrer =
1070 cm3(STP) cm s ecm™2 cmHg™! . For multi-layered composite or asymmetric
membranes, the permeation rate is usually expressed in terms of permeance, which is defined as
P /L. 1 is the thickness of the selective or the dense layer. The most common unit for permeance is
GPU (1 GPU = 10~cm3(STP) s~ cm™2 cmHg ™).

The solubility of gas in polymeric membranes is related to 1) the ease of gas condensation and 2)
the interactions between gas molecules and the polymers. The first factor is commonly
characterized by the critical temperature of the gas (7¢), which increases with the molecular sizes.
The interactions between gas molecules and polymer are usually very small for non-interacting
gases, such as H, N2, and CHs. While for other gases, like CO2, they could be considerably higher.
Therefore, the gas solubility can be enhanced by increasing the gas condensability (or gas size)

and/or the interactions of gas molecules with the membrane matrix (suitable gas-polymer pairing).
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Figure 2.8 Scheme of the solution-diffusion mechanism. Reproduced from Ref. [28, 29]

Gas diffusion is widely accepted to be governed by the membrane’s free volume and the size of
gas molecules. Free volume elements are considered as the void or unoccupied space in dense
polymeric membranes and one of the most important factors affecting gas diffusivity. The amounts,
volume and the distribution of these free volume elements have a great influence on gas diffusivity.
Incompact packing of polymer chains and the ability for polymer chains to move could offer more
efficient diffusion of gas molecules. Furthermore, smaller gas size always results in higher gas
diffusivity. As can be seen from Figure 2.2, the gas size has opposite effects on solubility and

diffusivity, leading to a complex impact on the gas permeability.
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Selectivity reflects the ability of the membranes to separate one gas from another. The ideal

selectivity aii;ijeal is the ratio of the two gas permeabilities, as shown in equation (2.2):
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Figure 2.9 Solubility and diffusivity of various gases in natural rubber [13].

Where P; and P; are the permeability of the gas i and j in the membrane, respectively.
From this equation, the selectivity is also related to the solubility selectivity (Si/ .) and diffusivity
j

selectivity (Di/D_). Solubility selectivity refers to the difference in condensability of the penetrant
J

gases and the interactions between penetrate gases and polymeric chains. Diffusivity selectivity
arises from the difference in the gas molecule size and the molecule-sieving ability of the

polymeric membranes.

In mixed gas separation processes, separation factor (a;,;) is a more practical parameter for

membrane, which is defined as

~ }’i/xi

Where the y; and x; are the mole percent of the gas i in permeate and retentate side, respectively,

Qi/j (2.3)

while y; and x; are the mole percent of gas j in permeate and retentate side, respectively.
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The separation factor is usually lower than the ideal separation factor, mainly due to the
competition and interactions between gases and/or the concentration polarization for some highly

permeable materials [30].

2.1.3. Gas separation performance of polymeric membranes

2.1.3.1 Upper bounds

As mentioned before, the two key parameters for a gas separation membrane are the permeability
and selectivity. From an engineering perspective, materials with both high permeability and high
selectivity are desirable for a higher separation efficiency. However, Robeson has collected and
analyzed the performance data of thousands of dense, nonporous polymer membranes, and then
qualified a trade-off relationship for different industrial-interesting gas pairs, as shown in Figure

2.6 [31, 32]. The empirical equation is listed below:
-2
@/ = PPy ° (2.4)

Where 4,5 and A4, are the empirical parameters.
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Figure 2.10 Upper bound for different gas pairs. Reproduced from Ref [31].

This equation indicates that the gas permeability on the upper bound increases with inevitably
decrease in selectivity. A fundamental theory was proposed later by B.D. Freeman [33]. In this
theory, the 4,5 is only relying on the gas size, while the other parameter 84,pis associated to 44,5,
gas condensability and one adjustable parameter. These results mean that the possibility to alter
the slope of upper bound is very low, which is also in agreement with the unchanged slope of the
upper bounds reported in 2008 compared to those in 1991 [31, 32]. However, there is some room
for improvement by increasing the intercept through changing f,/p, involving enhancing the

solubility selectivity and/or chain stiff with simultaneously increasing free volume [33]. This
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theory also suggested that the diffusivity selectivity plays a much greater role for gas selectivity
compared with the solubility selectivity, which explains why most of the rubbery polymers are
located far under upper bound. This also explains why the upper bound is mainly decided by glassy
polymers’ performances. It is worth noting that these discussions are only targeting the upper

bounds, which are still much higher for many polymeric materials.
2.1.3.2 CO; separation performance of current polymeric membranes

Since the 1950’s, the major industrial gas separation membranes are derived from cellulose acetate
for the removal CO» from natural gas. With the development of membranes technology, more
advanced membrane materials have been developed, but only a few have processed to pilot-scale
tests. Among them, Polaris®, developed by Membrane Technology and Research Inc., is one of
the most representative membranes since it has been employed in several large-scale emission sites
for flue gas separation [34] or hydrogen separation [35]. With a similar chemical structure,
Polyactive® from Helmholtz-Zentrum Geesthacht has also been used in power plants for removing
CO; from flue gas [36, 37]. Moreover, polyvinyl amine (PVAm) -based facilitated membranes
have been tested in a small pilot-scale system for flue gas separation and reported for its long-term
stability within 6 months [38, 39].

Although only a few materials have been applied industrially, enormous materials have been
developed at the laboratory level, and some of them exhibit excellent separation properties, e.g.,
the ones surpassing the upper bounds. A brief introduction for these representative membrane

materials will be given based on the separation mechanism.
Diffusivity dominated membranes

As predicted by Freeman in 1991, the polymers with stiff chains maintaining selectivity could be
an encouraging polymer design approach [40]. After that, great effects have been devoted to
developing microporous materials starting with polyacetylenes, such as PTMSP and PMP, well
known for the high permeabilites (> 5000 Barrer for COz) [41] [42]. The high permeabilities of
these glassy polymers mainly come from the large excess free volume, which will disappear over
time. Moreover, the selectivities of these polymers are too low to be used in practical applications.
Different methods have been used to improve the selectivity and ease the aging issue, such as
designing new polymers with various side groups (e.g., CO2-philic groups, stiff groups or bulky

groups) and crosslinking, but the results were not satisfactory [43-46].

In the meantime, incorporation of aromatic groups into polymeric chains have been employed to
decrease the mobility of main chains. The aromatic-rich chemical structures have excellent thermal

stability and good mechanical properties, which are greatly beneficial as membrane materials. The

21



spatial linkage configurations, the type of bridging groups and bulkiness, and polarity of pendant
groups have been considered as the main consideration factors to improve the polymeric chain
rigidity and the free volume, as well as the permeability [47]. By proper molecular design and
using suitable aromatic monomers, rigid polyimides (PI) with high gas permeability could be
achieved [48]. It has been reported that the presence of CO»-philic CF3 group in dianhydride
monomers, like 4,4'-(hexafluoroisopropylidene)diphthalic anhydride, enhances not only the
stiffness of the chains but also the affinity to CO, molecules, resulting in high CO» permeability
with considerable selectivity [49].

If the stiffness of main chains increases by introducing certain structures with intrinsically
inefficient packing, the free volume could be further increased. Due to the special contorted shape
and chain rigidity from the ladder polymer chain, a large amount of rotational freedom can be
removed from PIM-1, which leads to an inefficiently packed matrix with high free volume
elements, typically above 20 % FFV. Thus, PIM membranes exhibit very high gas permeabilities,
and the corresponding CO» separation performances are generally located above or near the upper
bound [50]. After the PIMs were firstly reported by Budd and Mckeown [51, 52], many PIMs with
different rigid chains have been synthesized, with the aim of increasing the chain rigidity and inter-
chain spacing to improve the gas diffusion [53]. By introducing the extremely rigid spirobifluoren
(SBF) unit, PIM-SBF membrane with a CO2 permeability of up to 13900 Barrer and a CO2/N> of
17.7 was reported [54]. Similar to PTMSP, the non-equilibrium state of PIMs chains also has
resulted in significant physical aging issue over time [55].

Furthermore, higher gas diffusivity could be realized by creating selective cavies through
thermally rearranging the functionalized Pls [53, 56]. Upon heating at high temperatures
(generally > 300 °C) in an inert gas (usually N2> or Ar), the polymer chain of the precursor polymer
will be rearranged into a new rigid structure, which may display rapider gas transport with size
sieving separation [57].

The molecular structure of TR polymers could be tuned by changing the chemical structures of
precursor and heat treatment protocols to achieve desirable gas separation performance [58]. In
addition to PIs, polyamides or polybenzoxazole can also be used as the polymeric precursors for
TR membranes. Usually, the gas transport properties of TR polymers are a bit lower than that of
PTMSP (10 — 20, 000 Barrer), but higher than their precursors. In addition, TR polymers hold
much higher selectivity compared to PTMSP, especially for CO2/CHa, (e.g., ~50). Therefore, the
overall CO; separation performances are always close or exceed the upper bound [56, 59, 60]. It
is worth mentioning that the TR membranes have much a higher tolerance to the plasticization,

which is greatly attractive as gas separation membranes.

Solubility dominated membranes
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Based on the solution - diffusion theory, apart from the diffusivity, another strategy of improving
CO; permeability is to enhance the CO; solubility. Poly(ionic liquids) (PILs), Poly(vinyl alcohol)
(PVA), poly(vinyl alcohol) (PVAm) and poly(ethylene oxide) (PEO) are some representative
solubility-dominated polymeric membrane materials. The first three materials will be discussed
briefly below, while detailed information regarding the PEO or PEG based membranes will be

given in section 2.2.

Ionic liquids are salts composing organic cations and inorganic/organic anions. They have been
emerged as potential candidates for CO» capture and separation owing to their unique and
outstanding properties, such as nonvolatility, high CO» solubility and selectivity [61, 62]. Soon
after ILs was firstly proposed as COz capture medium in 1999 [63], enormous research effects
have been devoted to applying ILs into CO; separation membrane. ILs have been intensively used
in supported ionic liquid membranes, cross-linked ionic liquids membranes, the polymer/ILs
membranes, IL-gel membranes, and the membrane absorption systems in the past 20 years. In
addition, the chemical structures of ILs are designable, and various ILs with specified functional
groups have been developed for gas separation applications, including amino acid-based ILs,
amine-based ILs, and protic ILs. Excellent CO2 separation performances of IL-based membranes
have been reported, and some of them have exceeded the upper bound [64, 65]. Despite these
advantages, the potentials of ILs-based membranes are still being questioned for their long-term
stability and the considerable cost.

PVA is another example of polymers with high CO> solubility. Normally, the CO» permeability of
PVA membranes is very low unless tested at humidified operation conditions. The water vapor
from gas streams could swell the PVA chains and then increases the diffusivity resulted from
membranes swelling [66]. The presence of H>O inside membranes could also enhance the CO»
solubility. Moreover, the current PVA-based membranes are generally blended with other
materials, like mobile carriers or hydrophilic additives, which will further improve the CO>
permeability at humidified conditions. For instance, the introduction of amino acid salts into PVA
could result in a 2-fold increment in the CO> permeance (399 to 791 GPU) without scarifying
CO2/Nz selectivity [67]. The water-enhanced membranes process could avoid the dehydration step,
which is the prerequisite pre-treatment for other types of membrane materials (e.g., PI).

Apart from the materials of intrinsically high CO»-philic, the polymers with suitable reactivity
with CO; could also improve CO; transport. In this case, the transport of CO; is governed by both
solution-diffusion and facilitated transportation mechanism, where the non-interacting gases, such
as Na, Ha, and CHy, transport only by solution-diffusion mechanism [53]. As a result, high CO»
selectivity can be achieved without sacrificing gas permeability. PVAm is one of the representative

materials in this case. Under humid conditions, CO2 molecules will dissolve on the surface of a
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PVAm membrane, then react with the amine groups and water to form HCOj3', achieving a much
faster CO2 permeation compared to a membrane in solution-diffusion mechanism. As a
consequence, PVAm membranes showed excellent CO» separation performance. [27]. In addition
to amine groups, other carriers have also been reported, such as amine acids and ionic liquids,

which showed high CO> separation performance.

2.2 PEO-based membranes

Ether group is well known for its high CO»> affinity due to their quadrupolar interactions. Naturally,
the polymers composing ether bonds, like PEO, have excellent CO; solubility with potentially high
CO: diffusivity due to its rubber nature. Therefore, the PEO-based membranes should be the ideal
candidate for CO2 separation. However, the CO, permeability of the linear PEO membranes
(around 12 Barrer) is much lower than expected [24], mainly because of the high tendency of
crystallization and the resultant impermeable zones, inhibiting the gas transportation. Theoretical
analysis has shown that the strong hydrogen bonding between ethylene oxide units and the
resultant intermolecular network are the main reasons for the considerable crystallization, and four
PEO chains with 7 repeating EO units in each chain are enough to form a crystallite [68]. Hence,
in order to improve the CO> permeability by releasing the inhibited crystalline zones, breaking the
repeating EO units by 1) copolymerizing with other types of polymeric chains and 2) cross-linking
PEO-based monomers or enlarging the distances between two EO units by 3) incorporating liquid

additives are the three most efficient approaches.
2.2.1. Copolymerizing with other segments

By copolymerizing PEO with other segments, the tendency of the PEO segment’s crystallization
could be reduced, benefiting the gas permeation. Aromatic-rich units or the crystalline structures,
including polyester [36] [69, 70], polyamide [71, 72], polyimide [73, 74], and polyurea [74, 75],
are commonly chosen as the second blocks to reinforce the weak PEO polymeric chains and
improve the solvent and thermal stability [76]. The most well-known PEO-based copolymers are
two series of commercial polymers with the brand names of Polyactive and Pebax, respectively,
which belong to the poly(ester-ester) and poly(ester-amide) family, respectively. Due to the variety
of these block copolymers, enormous studies have been conducted to investigate the factors

affecting the CO2 separation performance.

2.2.1.1 PEO segment

One of the most distinguishing features of block copolymers is the phase separation between

different segments. In most of the PEO-based copolymers, the PEO segment is the one with lower
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Tm, usually close to or even lower than the ambient temperature. Therefore, in the ideal case, the
PEO segments can be considered as the amorphous zones embedded with the other zones, which
normally is the crystalline one. These hard blocks are widely accepted to have little contribution
to gas transport through membranes, which is mainly happen in the amorphous PEO phase.
However, due to the high tendency of crystallization of PEO chains, the crystalline PEO may also
exist inside the polymer, as shown in Figure 2.7 (B). Both crystalline PEO and hard segment
crystallite are impermeable to gas. Therefore, in order to improve the gas permeability, the
amorphous PEO amount should be increased by increasing the PEO content with very low
crystallized PEO chains, which can be achieved through the optimization of the ratio of PEO/other
segments and/or PEO segmental length [53, 77]. Metz and co-authors have studied the effects of
the PEO segment content and length on the CO» separation performance of poly(ethylene oxide)-
poly(butylene terephthalate) (PEO-PBT) [69]. It is reported that increasing PEO content from 40
to 75 wt.% could result in an increment in gas permeability from around 30 Barrer to around 130
Barrer. Similar results have been observed by several researchers [72, 78-80]. In addition, CO2
permeability has been noticed to be positively related to the PEO segment length with a range of
1000 — 5000 g/mol [76]. However, there exist limitations for the maximum content of the PEO
block and the length in all PEO-based copolymers, since the high PEO content or long enough
PEO chain could cause severe crystallization and then deteriorate the gas transport properties.
Peinemann’s group has applied a mathematical model to predict the effect of the PEO segmental
length and content on the CO» permeability based on experimental data [78]. The modelling results
show that both the lengths and content of PEO block should be optimized: too high values of these
variables result in high crystallization degree with large-size crystallites, while too low PEO
content or short PEO block is insufficient for gas transport. Therefore, the one with 2000 g/mol
PEO block is chosen with 70 wt.% PEO content for poly(trimethylene terephthalate)-block-
poly(ethylene oxide) (PTT-b-PEO), similar to that in Polyactive. The CO; permeability reaches
183 Barrer with a CO2/N2 selectivity of 51 at 30 °C. In another work from the same group, a range
of 2000 — 3500 g/mol for PEO molecular weight (MW) was suggested for PEO-PBT [78]. It is
worth mentioning that the optimum PEO segmental length and content vary for different

copolymers, which require specific investigation.
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Figure 2.11 Scheme of PEO-based block polymers with (A) fully amorphous or (B) semi-crystalline PEO
segments. Reproduced from Ref. [76].
Increasing PEO length and/or content in a moderate range generally leads to positive effects in the
COgy/light gas selectivity. However, some researchers have reported an increased COz/He
selectivity but a decreased CO2/N; selectivity with increasing PEO content, which is believed due
to less phase separation between the PEO and PBT phases [70]. But the increment or decrement is
relatively small compared to the values of the selectivity. Moreover, despite the different chemical
structure of hard segments or the content or segmental length of PEO, the selectivities of CO2 over
light gas are very similar to each other within different PEO based copolymers (as shown in Table

2.1), indicating the separation performance is mainly coming from the amorphous PEO zones.

Considering the fact the crystalline trend increases with the ester group content, researchers replace
the PEO chains (partially) by the one with less ester group, like poly(propylene oxide) (PPO) [75,
81-85] or poly(tetramethylene oxide) (PTMEQO) [72]. The existence of these units disrupts the
regular chain packing and then suppress the crystalline tendency of PEO blocks, leading to the
increasing free volume. Compared with the PEO-based membranes, these membranes

demonstrated a much higher gas permeability with slightly lower CO2/light gas selectivity.

2.2.1.2 Second blocks

Apart from the poly(ester-ester) and poly(ester-amide), several permeable units have been chosen
recently as the second element to tune the CO» separation performance. Tough aromatic-rich units,
like polyimide [73, 86-88], have been used to offer mechanical properties instead of the crystalline
ones. Okamoto and coworkers conducted a series of research works around poly(ester-imide) more
than 10 years ago [87, 89]. It has been reported that the gas permeation is less relevant to the
polyimide block. However, due to the mechanical concerns, the polyimide contents are usually
required to be relatively high to support the mechanical properties, and hence the gas transport
properties are less compatible. Other units, like polysulfone [90, 91] or polycarbonate [92], have

been copolymerized with PEO segments. However, the obtained gas permeability is much lower
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than that of the poly(ester-amide) membranes [77]. One of the reasons for the low permeability in
the above membranes may be the incomplete phase separation due to the good compatibility

between these units and PEO, which impedes gas diffusing across the whole membrane.

Recently, Qiao and co-workers fabricated ultrathin thin-film composite (TFC) membranes with a
PEO- polydimethylsiloxane (PDMS) selective layer (around 100 nm) based on the continuous
assembly of polymers technology [93]. It was achieved by the reaction between the PEO-based
macro-crosslinker and the functionalized PDMS gutter layer. The reported CO2 permeance reaches
1260 GPU with the CO2/N2 of over 40. Despite the excellent performance, the feasibility in
fabricating defect-free membranes through this method remains doubtful considering the difficulty

of this method and the few published papers, all of which are from the same group.

The combination of polyurethane (PU) and PEO has also been proposed and the related work was
mainly focused on the optimization of the polyester segments by tuning polyester types and the
contents [75, 94, 95]. The reported gas permeability is similar to Polyactive or Pebax, but they are
less interested by the industry due to the complex synthesis procedure and hazardous
solvents/chemicals. In addition, the mechanical properties of these polymers are not good enough,

which may be another issue hindering the upscaling.

In addition to copolymerization, grafting PEO chains onto some current polymers has also been
reported recently, and some interesting results have been obtained [96-102]. After grafting PEO
side chains to poly(vinyl chloride) (PVC), the CO permeability is promoted from 1.45 Barrer to
100 Barrer with simultaneously increased CO2/Ny selectivity [96]. Similar results have been
observed by Tiniguchi and co-workers [97, 98]. This significant improvement on CO2 permeability
is mainly because the phase separation between long PEO side chain and the main chain due to

their bad compatibility, which promotes gas transport through the more permeable PEO phase.

Based on these discussions, the key factors for improving gas permeability of the PEO-based block
copolymers are creating complete phase separation between the amorphous PEO zones and second
segments and preventing formation of PEO crystallites. Therefore, the compatibility between the
PEO and the second segment is a very important factor: bad compatibility between the PEO
segment to the second segment benefits the gas permeability. Attempts have been made to employ
mathematical models, like the Maxwell model, to predict these copolymers’ behaviors [79, 103].

However, most of them failed or only works for the specificg system, which is less attractive.
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Table 2.1 CO; separation performance of representative PEO-based block copolymers reported in the

literature.
P(CO») Selectivity (--) ..
M T Ref.
embranes (Barrer) COyN» COyCH, COyH, est conditions e
1500PEO77PBT23 115 45.6 17 102 309,03 bar single -
4000PEO55PBT45 96 435 17.1 10.8 gas
2000PEO70PTT30 183 51 - 10.2 30°C, 0.3 bar o
2000PEOSOPTT20 129 57 - 10.7 single gas
80PTMEO/PA12 221 23.4 - 3.7
53PTMEO/PA12 113 20.4 - 35 35°C, 10 atm
single gas [72]
55PEO/PA12 120 51.4 - 9.8
57PEO/PA6 66 56.4 - 78
PEO-ran-PPO-T6T6 447 4.5 13.0 10.2 35°C, 4 atm [85]
single gas
2700PPG83PU1 1 1 . 4.
700PPG83PU17 90 7 55 5 355C. 2 atm -
2000PEG78PU22 69 29 8.6 5.8 single gas
PEG-PPG15-PEG,;-PU 144 54 - 8.3 25°C, 4 atm [94]
single gas
XSi-PPU2 (71% PEO) 104 - 20.8 6.9 35°C, 4 atm [95]
single gas
157 ) ) 05 35°C, 2 atm
1900PEO65 single gas [104]
PMDA-ODA3S 1793 ) ) b7 35°C, 4atm COJH;
: : (50/50 vol)
2000PEO60Pent-P140 39 46 . 4.1 35°C, 3 atm [73]
single gas
PCZ-+-PEG 50.7 42.25 - - 1 bar [92]
single gas
PVC-g-PEO (70 wt% 25°C, 2 atm
PEO) 100 49 ) ) CO,/N> (50/50 vol) [96]
PS-r-PAN-g-PEO (76 35°C, 1 atm
wt% PEO) 135 42 ) . single gas (971
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2.2.2. Cross-linking PEO monomers

In addition to copolymerization, another approach to suppress the high crystalline tendency of
PEO is cross-linking the short-chain PEO monomers or oligomers. The key point of this process
is to create cross-linked but flexible polymeric networks that allow gas to pass through. The
polymer chain mobility in these membranes is controlled by the crosslinking density, MW of the
monomers (length between cross-linking sites), and the polymer chains/networks. These factors
affect the inter-polymer chain spacing and then gas diffusivity. In addition to the polymer design,
the reaction types play an important role in the final performance. Hence, studying these factors’
effects on the CO; separation performance of the resultant membranes are the main topics in this

area.

2.2.2.1 Reaction types

Theoretically, cross-linking can be conducted by many different types of reactions. But for this
case, there are several aspects that need to be considered, including the efficiency, the availability
or possibility of the required functional groups in PEO monomers, and the needed reaction

conditions.

Free radical polymerization is the most commonly used cross-linking reaction for PEO-based
membranes due to its high conversion efficiency and the abundant acrylate-functionalized PEO
monomers. Barrer ef al. [105] and Hirayama et al. [106] have used this reaction to prepare cross-
linked PEO membranes using sun lamp and plasma irradiation, respectively, to trigger the reaction
between methylacrylate groups. However, these trigger methods did not attract plenty of followers
due to the complexity or specified requirements. Later, Freeman and coworkers employed a simple
and facile method based on photopolymerization of acrylate-functionalized PEO monomers,
which is easier to be triggered than the methylacryate one, and the CO» permeability reaches 110
Barrer, almost 10-times higher than that of linear PEO polymer [24, 107]. Afterward, this method

has become the most popular cross-linked approach.

Apart from the acrylate, vinyl ether monomers were also utilized based on cationic
copolymerization to prepare cross-linked PEO membranes. Excellent gas transport property was
obtained, but the obtained membranes were very brittle, which significantly limited its application
[108].

In order to exploit the diversity of PEO-containing monomers and avoid the potentially low
acrylate conversion, many other cross-linked membrane systems have been developed. For
instance, the addition reactions between amino and epoxy groups have been utilized for cross-

linking PEO membranes [109-111]. Quan et al. proposed a cross-linking method based on bio-
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inspired dopamine and epoxy-functionalized PEO monomers [112]. But the reactions related to
dopamine are very complicated, and hence the real cross-linking mechanism still remains unclear.
Although amine groups are very reactive, a moderately high temperature (> 80 °C) and a relatively
long reaction time (> 3 h) are needed to complete cross-linking, and some need even more
complicated preparation, depending on the monomer reactivity, which is inconvenient for practical

applications.

Additionally, the click chemistry has obtained great attention for the advantages, including diverse
potential reactions, controllable cross-linking density, high acrylate conversion rate, rapid reaction
and low oxygen inhibition [113]. It is worth noting that the click chemistry is a big family,
containing more than ten different reactions, like Michael additions [114] and thiol-click relations
[115, 116], which provides more opportunity to fabricate PEO-based membranes with different
cross-linking structures by employing various monomers/reaction conditions. A series of PEO-
based membranes with different cross-linking structures have been fabricated based on radical
thiol-ene reactions, which displays improved mechanical properties compared with those made by
acrylate polymerization [117]. Moreover, Deng et al. introduced a two-step fabrication based on
aza-Michael addition and acrylate homopolymerization for cross-linking PEO membranes [118,
119]. By changing the type of amine- and/or acrylate- and the corresponding monomer ratio, the
crosslinking density of the polymeric networks and the CO> separation performance of the

resultant membranes could be tuned.

Apart from self-standing membranes, Wang and co-workers proposed a cross-linked composite
membrane with the selective layer thickness of around 150 nm by using the classical trimesoyl
chloride-amine reaction [120]. A PDMS layer was coated firstly on the porous support as the gutter
layer to prevent pore penetration. The membranes prepared by longer Jeffamine (ether monomer)
display higher CO; permeance due to the lower cross-linking density, which is because of not only
the longer monomers but also the less available monomers during interfacial polymerization, as a
result of the lower diffusion rate of longer monomers. It also leads to lower CO2/Nz selectivity and
the deterioration at higher operation pressure. Under the same conceptual framework, the

membrane prepared by monomers of medium MW exhibits better performance [121].

2.2.2.2 Polymer design

Similar to the situation discussed in Chapter 2.2.1, the number of the continually repeated EO unit,
or presented by the MW of these PEO segments, should be limited to a certain value to avoid the
potentially forming crystalline PEO. It has been reported that the PEO monomers should not be
higher than 1500 g/mol [68]. On the other hand, after cross-linking, the short PEO segments, due

to the short PEO monomers, limits the flexibility of the membranes, as well as the free volume and
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gas transport properties. Patel et al. cross-linked PEGDA membranes and reported that the CO»
permeability increases significantly with the number of EO units in PEODA [122]. The longer
PEO monomers result in much higher CO» diffusivity of the cross-linked membranes compared
with those from smaller PEGDA [106]. In addition to the enhancement in gas diffusivity, the EO
density in membranes also slightly increases, leading to a simultaneous increment in CO> solubility.
Therefore, by simply employing longer PEO monomers, the consequent increase in both
diffusivity and solubility generates a great increment (~10-fold) in CO2 permeability. Similar

results have been reported in other research works [118, 123].

In addition to the length of the monomers, the monomer types also paly great role in the network
configurations and thus, the gas permeability. The commonly employed monomers and the
network configurations are presented in Figure 2.8 and 2.9. Diacrylate or dimethacrylate
monomers are the most intensively employed, which work as bridges in the resultant cross-linking
network, as shown in Figure 2.9 (A). Apart from the length of the difunctionalized monomer, their
types also play a role on the final performances. With the similar EO unit number, the XLPEGDA
membranes have a CO; permeability of 110 Barrer, while the CO» permeability of the one prepared
from BPAEDA is slightly higher (152 Barrer), probably is because that the presence of bulk groups
in main chains increases free volume and thus higher gas diffusivity [123].

If incorporating some mono-acrylate or mono-methacrylate functionalized monomers into this
network, the monofunctionalized monomers cannot connect to the second polymer chains, and
hence behave as flexible side chains. Barrer et al. noticed that the gas permeability increases with
the ethyl acrylate (the smallest PEGMEA) content in cross-linked membranes [105]. By
connecting this trend with cross-linking density, Freeman et al. designed a series of cross-linked
PEGDA/PEGMEA membranes, and the results shows that the CO2 permeability increases largely
and monotonously (from 110 Barrer to 570 Barrer) with the PEGMEA content in membranes (0
to 98.7 wt%). The introduction of PEGMEA decreases Ty, indicating the decrease in cross-linking
density. It is believed that increasing PEGMEA content increases the size of free volume elements
but has little contribution to their concentration of the free volume elements. But, some research
works reported an optimal ratio of PEGDA/PEGMEA in terms of the gas transport properties [ 124].
In addition, the effects of the PEGMEA’s length seems to have some influences on the gas
permeability, but less significant than that of PEGDA [123].
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Figure 2.12 The chemical structures of those PEO monomers commonly used for cross-linking PEO
membranes
Further studies found that the end groups in the mono-acrylate functionalized monomers play a
crucial role in the cross-linked membrane properties and their performances [123, 125]. Kusuma
et al. found that when the end groups are methoxy or ethoxy, the introduction of PEGMEA is
effective in increasing gas permeability, mainly benefiting from the gains in diffusivity. However,
the one with -OH end group displays opposite result, which causes decreasing gas diffusivity and
permeability due to the increased hydrogen bonding induced by the -OH end group [125]. Later,
the authors also investigated the effects of phenoxy end group, and the results revealed that the
addition of phenoxy groups indeed decreases the cross-linking density and increases the free
volume. But due to the steric effect of the bulk end group, the flexibility of PEO chains decreases
and hence is detrimental for the gas permeability. The membranes with short PEGPEA (n=2)
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display a deteriorated CO» permeability, while the slightly longer PEGPEA gives more free
volume and less harmful effects from the phenoxy group, and as a result, the CO» permeability
keeps constant [126]. Under the same framework, Freeman’s group prepared a series of
membranes containing tris-(trimethylsiloxy)silyl groups as the end group of the side chain. This
bulk and flexible group increase the free volume by enlarging the size and amount of the element,
therefore increasing the CO2 permeability from 110 Barrer to 800 Barrer. However, the selectivity
decreases also because of the changes in free volume [127]. In addition, the gas permeability
decreases with the size of the siloxy-based end group, indicating the effects of these bulky end
groups [128]. It is worth mentioning that the PEO and Si-based zones are not compatible, which
may induce phase separation [129]. Since siloxy-based zones are more permeable than PEO, this

incompatibility may be unfavorable to CO> selectivity.

A) B) C)

Figure 2.13 The cross-linking network of membrane prepared by A) PEGDA, B) PEGDA + other mono-
acrylate monomers, and C) star-like monomers.
Recently, a series of cross-linked PEO membranes have been fabricated based on multi-
functionalized monomers [118, 119, 130], which creates a cross-linking network like the one
presented in Figure 2.9 (C). It is speculated that this kind of network may be interesting to gas
separation due to the different intermolecular packing [131]. Kline and co-workers designed a
series of membranes with different network configurations and found out that the network
configuration does play a role in the free volume microcavities and thus the gas separation, but
very little in terms of selectivity [132]. They also pointed out that this effect is less significant than
the one of cross-linking density, which mostly affected by the monomer’s molecule weight.
Therefore, a proper design should consider both factors. Zhao et al. designed a series of membranes
with a three-arm cross-linker as the core and PEGDME as the shell. These membranes display
much higher CO; permeability (1050 Barrer) than the XLPEGDA one, with similar selectivity, of
which the different chain packing and network configuration are believed to be the reason. The

authors also found that the short-chain cross-linker should be limited to a small portion in the
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preparation receipt, as it might reduce the length between cross-linking sites and increase the
stiffness of polymer chains, as well as the network, leading to a sharp decrease of CO» permeability
and selectivities. The reason for decreasing selectivities probably is connected to the decrease in
the ether group content in the as-formed membranes. The same group also optimized the
functionality of multi-armed cross-linkers, and the gas permeation results indicate that the too high
functionality of cross-linkers may densify the packed chain and result in a lower gas diffusivity

and the permeability [133].

Table 2.2 CO; separation performance of crosslinked PEO membranes reported in the literature

P(COy) Selectivity (-) ..
M T Ref
embranes (Barrer) COJN, COyCHs COyH, est conditions e
PEGDMA (n=14) 47 68 - -
BPADA (2n=30) 93 63 - -
PEGDMA9/PEGMEA9
(90/10) 18.3 68
PEGDMA 14/PEGMEA9 25°C, 0.98 bar
(90/10) 62 69 single gas  L10©]
PEGDMA23/PEGMEA9
(90/10) 145 66
PEGDMAG69/PEGMEA9
(90/10) 240 56
_ 35°C,
PEGDA (n=14) 110 50 18.9 7.3 . [107]
single gas
PEGMEA (n=8) 570 41 - 12 .35 °C, [134]
single gas
0, 1Qo 0,
PEGDA (20 wt.%)/Tris 300 i _s 3 .35 C, [127]
A single gas
PEGDMA (50 wt.%) 35°C,
/SiGMA 253 20 6 3.2 single gas [128]
XLBPAEDA (n=15) 152 54 18 7.6
80/20
BPAEDA15/PEGMEA 198 >7 18 8.2
70/30 o
BPAEDA15/PEGMEA 221 >3 17 84 .35 C, [123]
60/40 single gas
BPAEDA15/PEGMEA 261 36 17 9.2
50/50
BPAEDA15/PEGMEA 300 31 16 93
PEGMEA (70 35°C, 3 atm
Wwt%)/PEGDA 405.7 49.8 - 10.2 single gas [124]
PETA (5 wt.%) 35°C, 2 atm
PEGMEA 1050 36.5 13.3 - single gas [130]
a 22°C, 1.1 bar,
TMC-EO3 860 67 - COL/N; (15/85)
22 °C, 5 bar [120]
TMC-EO21 1310 33 - COu/Ns (15/85)
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- - 25°C,
CO/N; (20/80)
25°C,
CO,/CH, (10/90)

360 ° 67.2
TMC-EO14 [121]

275% - 31.6

% CO; permeance
2.2.3. Physical blending with low-molecular-weight additives

The third approach to suppress crystalline tendency and improve the gas permeability of PEO-
based materials is physical blending with CO-philic low-molecular-weight additives, such as low-
molecular-weight PEO and ionic liquids. Due to the presence of these additive, the intermolecular
distance between EO-rich chains increases, hindering the formation of hydrogen bonding between

EO groups and the crystallites.

2.2.3.1 Blending with free PEO

In 2004, Patel et al. proposed to embed PEO with a low to medium MW into PEO-based
membranes by immersion, and in this early work, the positive impact of free PEO on the CO2/H>
selectivity has been mentioned [135]. Inspired by this promising result, Peinemann’s group
developed a series of blended membranes containing PEO block copolymer and free PEO and
systemically studied the effects of added PEO [136-139]. These results firstly show that the
addition of free PEO remarkably increases the CO» transport properties (up to 8-folds) of both self-
standing and composite membranes under various test conditions, indicating the robustness of this
approach. Both the structural (increased EO contents) and morphological (increased interchain
distance and thus decrease crystallization tendency) properties of the polymeric matrix have been
changed by adding free PEO, which enhances both the CO> solubility and diffusivity [78]. On the
other hand, the gains in CO»/light gas selectivity have been noticed, although it is less significant,
probably due to the same chemical nature of the additives and polymeric matrix.

In addition, various PEO with different terminal groups have been incorporated into this system.
It turns out that the gas transport properties are affected by the end groups. Similar to the results
in cross-linked membranes, the PEO with methyl ether or butyl ether as end groups are more
beneficial than the regular one as higher CO» permeability could be obtained. This is explained by
these groups could surpass the formation of hydrogen bonding more efficiently [137]. Furthermore,
these PEGs induce microphase separation in the blended membranes, which may further enhance
the gas diffusivity [137, 139].

Recently, Deng et al. investigated the impacts of the MW of free PEO on the Pebax 1074 + PEO
membranes with various PEO MW (from 200 to 8000 g/mol) [140]. For the ones containing low-
molecular-weight PEO (< 600 g/mol), the positive effects of free PEO are similar to the as-
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mentioned researches, but the performance of membranes blended with higher MW PEO is
temperature-dependent [141]. The crystalline tendency will not be reduced if the added PEO has
long chains, which hinders the CO; permeability at the temperature below Tm. Once it moves over

this critical point, boosted CO2 permeability could be detected since the crystallites melt.

Notably, the PDMS-PEO blended Pebax® membranes were heterogeneous. Reijerkerk et al.
hypothesized that the blend membrane prepared using the pristine material with a permeability
greater than that of Pebax® may exhibit better performance. Therefore, they blended PDMS-PEG
with the specially synthesized poly(ether-amide) of PEO-ran-PPO-T6T6T. The PDMS-PEG
blended PEO-ran-PPO-T6T6T membrane exhibited a CO2 permeability of 896 Barrer when the
PDMS-PEG content was 50 wt.%. This significantly enhanced permeability confirmed their
hypothesis.

By adopting this method into cross-linking, membrane materials with excellent CO» separation
performance could be realized by incorporating free PEO into cross-linked PEO membranes. There
are two main preparation methods for incorporating free PEO into the cross-linked PEO-based
membranes: imbedding the PEO into cross-linked membranes by soaking in free PEO-rich media
or cross-linking membranes with the presence of the unreactive PEO. The drawback of the first
one is the additives’ loading cannot be controlled, which is related to the MW of the additives, the
immersion condition (temperature, duration solvent, and concentration). Some researchers chose
to dissolve additives into a solvent (like ethanol) with higher diffusion rate, which may promote
free PEO moving into the cross-linking networks. The MW of free PEO is also a factor needed to
be considered: the longer PEO is, the harder it diffuses into the membrane matrix, but more stable
it will remain inside membranes. Conversely, in the second preparation method, the free PEO
loading could be accurately controlled. However, the presence of unreactive materials reduces the
possibility for radical or reactive groups to meet each other and hence the success rate of forming

membranes.

Similar to the PEO-based copolymer + free PEO blend membranes, the addition of free PEO
improves significantly both CO» permeability and CO2/light gas selectivity of the cross-linked
ones, thanks to the lower cross-linking density and thus enlarged interchain distances and reduced
crystallinity. Shao ez al. [124, 142] reported a series of cross-linked PEO + free PEO blending
membranes, and more than 7-folds increment in CO2 (151 to 1301 Barrer) have been achieved
with 86% increment in CO2/H; selectivity. In these works, a high free PEO loading (around 50
wt%) was realized by immersing cross-linked membranes into pure PEO and allowing free PEG
diffusing into the membranes. It is worth mentioning that in a recent work, Dai et al. has noticed
that the relative humidity of the test gas affects the CO; permeability and CO2/light gas selectivity.
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The inspiring outcomes from the second method have attract plenty of researchers, and this method
has been expanded to other materials [85, 143, 144]. For example, Wessling and co-workers
prepared a series of Pebax 1657 membranes blending with PEG-PDMS. Compared to the one with
PEG200 (172 Barrer), these additives endow even higher COz permeability (532 Barrer) thanks to
the highly permeable PDMS segment [143]. This enhancement is more notable when the matrix
changes to another PEO-based block copolymer with higher CO2 permeability compared with that
in Pebax 1657 [85]. Since PDMS is less selective than PEO, these blended membranes display
lower CO»/light gas selectivity.

2.2.3.2 Blending with ionic liquids

Due to the high CO»-philic nature and their negligible vapor pressures, attempts have been
conducted to use ILs as the additives for both PEG-based or cross-linked PEO materials to reduce
the crystallinity and improve the CO> permeability. Unexpectedly, the addition of ILs does not
always lead to positive results in CO; permeability. Decreased CO2/light gas selectivity have been
noticed in most relevant studies, as the employed ILs are generally less-selective than PEO. In
several works, it is noticed that the addition of ILs decreases the CO> permeability at the low
loading, which is believed to be because that ILs occupy the free volume and reduced the flexibility
of the polymeric chains, judging by the decreased gas diffusivity [145-148]. However, in other
Pebax + ILs systems, this decrease is not observed [149], which may be due to the use of different
ionic liquids. With increasing loading, the diffusivity increases. In terms of solubility,
incorporating ILs generally results in improved values at the low IL loadings, and then keeps at a
high level.

It is worth mentioning that the properties of the ionic liquids and PEO-based polymers have huge
impacts on the final results. Therefore, the combination should be carefully designed. Due to the
different properties of ILs, results may be distinct even the polymers are THE same. Deng et al.
prepared Pebax 1657 + ionic liquids membranes with [Bmim][Tf2N] and [Emim][PF¢] in two
works [145, 146]. The ones containing [Bmim][Tf2N] show a rising trend in CO> permeability at
higher IL loading, while it is not shown in the membranes with [Emim][PFs]. This difference may
be caused by different compatibility of these ionic liquids with polymeric matrix, which leads to
distinct results on diffusion and thus the permeability. In addition to the effects of ionic liquids,
the choose of the polymeric matrix also matters. Bernardo et al. added [Bmim][CF3SO3] into Pebax
1657 and Pebax 2533, and the effects of this IL are only observed in the Pebax 1657 based
membranes (4-fold increase), but not with the Pebax 2533 ones (no changes), of which the reasons
are still unclear. But promising results also have been reported [150, 151]. An interesting system

consisting of SO/SOS and extremely high amount of [Emim][NTf;] endows excellent CO>
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separation performance as CO2 permeability and CO2/N> selectivity increased from 567 to 996
Barrer and from 21.3 to 59.8, respectively [152].
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Figure 2.14 The chemical structure commonly used as free additives

Considering the roles of ILs play inside the membranes, incorporating higher CO»-philic ionic
liquids, such as task specific ionic liquids (TSILs), into membranes may be a promising direction
to study. The anions of ILs are well-known as a more interesting part for on physical properties
and chemical affinity [62]. Hence the researches should be more focused on the functionalization
and/or optimization of the anion [151]. Additionally, the polymer + ionic liquid blend materials’
microstructure [152, 153], affecting by two individual compounds and the pairing, should be paid
more attentions for better understanding of the relationship between the polymers and ionic liquids,

and for further improvement of the gas separation properties.

Table 2.3 CO; separation performance of PEO-based blended membranes reported in the literature

P(CO») Selectivity (-) »
M T Ref
embranes (Barrer)  COyN» COyCHs COyH, est conditions e
Pebax 1657 + 50wt% 25°C, 1 atm
PEG200 151 ) ) 108 single gas [136]
PolyActive + 40 wt% PEO 208 48.7 15.8 11.6
PolyActive + 40 wi% 295 48.7 15.1 12.9
PEG-methyl ether 30°C
PolyActive + 40 wt% . ’ [137]
PEG- butyl ether 400 50.1 12.5 11.8 single gas
3 0,
PolyActive + 40 wt% 430 465 14.3 14.6

PEG-dimethyl ether
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PolyActive + 40 wt%

PEG-dibutyl ether 750 40 1.2 124
Pebax 1657 + 50 wt% 35°C, 4 atm
PEG-PDMS 532 36.1 10.8 10.6 single gas [143]
1500PEO77PBT23 + 134 487 15.1 106
30 wi.% PEO 30°C, single gas  [78]
4000PEO55PBT45 + 190 P 159 132 - SIEIe &
50 wt.% PEO ’ ' ’
PS-b-PEO-b-PS + %6 ) ) i3
45 % PEG400 ’ 35°C, 2 atm [91]
PS-b-PEO-b-PS + 45% 17 29 single gas
PEG4600 i i :
PEO cross-linked with A- R.T., 2 bar
amine + 44 wt% PEGDME 196.4 108.5 76 ) single gas
PEO cross-linked with A- R.T., 2 bar, 90 [109]
amine + 37.5 wt% 180 ~45° ~20° - RH%,
PEGDME CO2/N2 (10/90)
Jeffamine 600 - PEGDGE 35°C, 3.5 atm
+ 47 wt% PEGDME 1301 ) ) 130 single gas [142]
PEGMEA-PEGDA- 35°C, 3 atm
PEGDME-7-3-10 2980 457 ) 14.7 single gas [124]
XLPEGDA700-PDMS + 40 °C, 1 atm
40 vol%[emim][NTH] 340 3 ) . single gas [150]
R.T., 1.75 bar,
Pebax 2533 + 30 wt% TSIL 501*¢ 46 - - 75RH%* [154]
CO2/N2 (10/90)
Pebax 1657 + 40 wt% _20b oAb _qb 35°C, 3 bar
[Emim][PFs] 86 30 20 8 single gas [143]
Pebax 1657 + 40 wt% _Aghb _qsb _qb 35°C, 7 bar
[Bmim][NTf;] 286 28 15 8 single gas [146]
Pebax 1657 + 80 wt%
[Bmim][CF3SO3] ~300 40 - - 25°C 1bar
Pebax 2533 + 80 wt% ~250 -8 ) ) single gas
[Bmirn] [CFsSOs]
SO/SOS + 94 wt% R.T.°C, 4 bar
[Emim][NT£]¢ 996 398 ) ) single gas [152]
XLPEGDA + 40 vol%
[Emim][NTf] 270 37 ) )
XLPEGDA + 40 vol% 510 60 ) )
[Emim][dca] 30 °C, 1 bar [150]
XLPEGDA-PDMS + 40 340 31 ) . single gas
vol% [Emim][NTf]
XLPEGDA + 40 vol%
[Emim][dca]® 240 3 ) )
XLPEGDA + 60 vol% 30 °C, 1 bar
[Emim][NTf:] 330 31 ) ) single gas [151]
PEGDA-TAEA + 44.4 wt% R.T., 2 bar
[Bmim][TCM]* 1342 49.5 ) ) single gas [118]

2 CO, permeance; *: Estimated; ©: R.T. (room temperature), RH: relative humidity



d: SO/SOS: polystyrene-b-poly(ethylene oxide) diblock copolymer/polystyrene-b-poly(ethylene oxide)-b-
polystyrene triblock copolymer;
¢: 1-ethyl-3-methylimidazolium dicyanamide

I 1-Butyl-3-methylimidazolium tricyanomethanide
2.2.4. Effect of operation conditions

Apart from the influences of chemical structures of the membranes, operation conditions,
including temperatures and pressures, also have great impacts on the obtained performance [71].
Generally speaking, gas permeability decreases almost linearly with reducing test temperature due
to the lower gas diffusivity. However, several researchers have observed a steep decrease near the
Tm of the PEO segments due to the formation of PEO crystallites [69, 76, 82, 83, 94]. The (PEO-
ran-PPO2500/T)10000-T6T6T copolymer has a CO> permeability of 570 Barrer at 50 °C, but it
decreases to 235 Barrer at -10 °C [83]. As mentioned earlier, the T of PEO blocks are usually
located in 0 - 30 °C, mainly depending on the composition, which may lead to huge differences in
the obtained performance at different test temperatures. When the operating temperature is lower
than the T of PEO segments, crystallites form and thus reduce the available amorphous PEO
zones, correspondingly lower gas permeability. This is the reason that most of the relevant
permeation tests have been conducted at 35 °C to avoid the PEO blocks’ crystallization. On the
other hand, positive effects have been found in CO2/N> or CO2/CHy4 selectivity with decreasing
temperature, attributed to the prominent size-sieving effect of the crystalline PEO on the diffusivity
selectivity [76, 83]. However, reducing temperature has a negligible effect on gas permeability of
smaller gases (e.g., H2), thus decreasing temperature is unfavorable to CO»/H» selectivity [76]. The
Tm of the PEO segments are highly related to the PEO segmental length and content. Increasing
both PEO segment content and/or length within a proper range can increase the melting

temperature of the PEO segments, and thus improve the gas separation performance [69].

The influences of operation pressure on the separation performance of PEO-based block
copolymers have also been investigated [36, 71, 72, 82, 143]. It has been reported in different
literature that the CO» permeability increases with the increasing CO> partial pressure, a typical
plasticization behavior. The main reason is that there exists strong interactions between CO» and
polymer chains, the high COxconcentration inside membranes could swell the polymeric chains
and lead to increasing chain flexibility, as well as the free volume [155]. On the other hand, the
light gases have much lower solubility compared to CO: and plasticization effect, and hence their
permeability decreases with the increasing pressure due to the reduced free volume induced.
Therefore, the ideal CO»/light gas selectivity increases with the pressure as well [72, 82]. However,
the results obtained from mixed gas permeation tests show te opposite trend. The COz-swollen

polymeric chains have more flexibility and thus less separation ability, presenting by the decreased
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separation factor except for CO2/H,. Because H» is much smaller, the CO2/H» separation factor
still presents positive relation with the pressure, but with a much slower slope compared to the one
obtained from the single gas experiment [82]. This effect is also linked to the PEO segment: the
plasticization effect is more significant for membranes with higher PEO content. Bondar et al.
noticed that the Pebax with higher PEO content suffers more severely at high CO» partial pressure
[72].

Furthermore, the temperature also affects the separation behavior at different pressure. Wessling’s
group reported that at low temperatures. CO; permeability increases more sharply with the
operation pressure, which may be explained by the plasticization [83]. The polymer chains become
more flexible at the higher CO» transmembrane pressure which offsets the restricted flexibility of
PEO zones because of the semi-crystallization at low temperature. Hence, the lower operating
temperatures push the performance closer to the upper bound [83], which may be interesting for

some applications conducted at low temperatures (like CO2 separation from natural gas) [82].

2.3 Mixed matrix membranes containing ZIFs
2.3.1. ZIF-based Mixed matrix membranes

In addition to polymer design, incorporating porous inorganic fillers into a polymeric matrix to
fabricate mixed matrix membranes (MMMs) has been one of the encouraging and hence
intensively studied approaches combining the processability of polymeric substrates and molecular
sieving capability of inorganic fillers from both sides. This combination has been predicted to
display superior gas separation performance, as shown in Figure 2.11, which may exceed the
upper bound. Furthermore, the rough inorganic matters also could enhance the polymers with poor
mechanical properties. Based on these advantages, numerous research efforts have been put on to
developing the MMM s with various polymers and particles and understanding the mechanisms
behind [156-158].
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Figure 2.15 The expected performances of mixed matrix membranes. Reproduced from Ref [28]
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Among a huge library of inorganic fillers, zeolitic imidazolate framework (ZIFs) have been
regarded as a good types of candidates to obtain good compatibility and interaction with polymers
because of the organic linkers. With the target as CO; separation, the ZIFs with suitable pores
could work as molecular seize, which allows the smaller CO» (3.3 A) pass through, but not or less
CH4 (3.8 A) or N2 (3.6 A). Then the CO»/light gas selectivity could be enhanced by added ZIFs.
In addition, these pores also offer more path for CO» transport, which may benefit its diffusivity
and thus permeability. Therefore, the simultaneous increment in CO» permeability and selectivity
may be achieved by incorporating suitable ZIFs into the polymeric matrix. The most commonly
used ZIFs for this purpose are ZIF-8 with a pore size of 3.4 A [159], just right for CO2 separation.
It is noteworthy that this method usually is not applied for CO»-selective hydrogen purification,
since the smaller Hz (2.9 A) may gain more benefits from the addition of ZIF particles. Hence, this

section only covers studies related to CO2/Nz and CO2/CHgs separation.

Following this concepts, enormous ZIFs-enhanced MMMs have been prepared and studied. In the
beginning, the research focuses were mainly on the ZIF + commercial polymer systems, which are
usually glassy polymers, including Matrimid [160, 161], polysulfone (PSf) [162] or
polyetherimide (like Ultem® 1000 [163]). Almost all researches reported the improved CO>
permeability after adding ZIFs into polymeric matrices [160, 161]. For the commercial polymers,
which usually have CO» permeability < 50 Barrer, the incorporation of ZIF particles could realize
a several-fold enhancement in CO2 permeability. For instance, Song et al. prepared a series of
Matrimid + ZIF-8 MMM, and an increase of ~156% in CO; permeability has been realized in the
one with 30 wt. % ZIF-8 [164]. However, despite these improvements, the values of CO2
permeability are still much lower than the industry interested performances. Moreover, due to the
huge difference in the gas transport properties between these polymers and ZIF particles (usually >
1000 Barrer), the main resistance exists in the polymeric zone and hence it may not be the best
option. Koros et al. proposed that the more permeable polymers may be more interesting for
MMMs [165]. They compared the ZIF-90-based MMM s consisting of various polymers and found
that the MMM based on 6FDA-DAM (most permeable polymers in this work) shows the most
significant improvement compared to the neat polymer. Later, the incorporation of ZIFs into the
highly permeable polymers has become one of the main directions in this area [166-168]. The
effects of ZIF nanoparticle in MMMs based on PTMSP [169], PIM-1 [166, 167, 170], PIs [171-
173] and TR [174] have been investigated. Compared to the less-permeable polymers, the
improvement rate in CO permeability due to the adding ZIFs into these highly permeable systems
is less significant (usually within 200% increase), but the real values of CO» permeability are much
attractive for CO; separation, which usually higher than 1000 Barrer. Lately, ZIF particles have
also been incorporated into the rubbery polymers, like PEO-based copolymer [175, 176].
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These large increments in CO» permeability match the previous expectation and are widely
accepted as the results of several positive factors. Firstly, the employed ZIFs have a pore size
slightly bigger than CO», through which CO; can pass freely, leading to a great increment in CO»
diffusivity [171]. For example, in 6FDA-Durene + 20 wt.% ZIF-71 (200nm) membranes, more
than 270% increase in CO; diffusivity has been documented, which is the main reason for the 240%
increment in CO; permeability [171]. Moreover, the presence of ZIF particles during membrane
preparation also changes the chain packing of the polymeric matrix and may increase the free
volume inside MMM, resulting in positive impacts on the gas diffusivity [164]. Theoretically, this
effect should be more notable for glassy polymers, in which polymeric chains have much lower
flexibility compared to the rubbery ones [177]. Therefore, in terms of gas permeability,
considerable enhancements are usually reported in the ZIF + glassy polymer system. In some
works, increasing CO2 solubility has been observed and is usually ascribed to the interactions of
the organic linkers in ZIFs with CO> [178, 179].

Table 2.4 CO; separation performance of ZIF-based MMM s reported in the literature

P(CO,)  Selectivity (increment)

Membranes (Barrer) COWN, CO,/CH, Test conditions Ref.
Pebax1657 + 8 wt.% 145 23 64 R
ZIF-7(30—-35nm)/PSE  (1.01)  (0.64) (1.00) 395 &fﬁg‘l’; 1751
Pebax 1657 + 22 wt.% 111 30 97 = Pan
ZIF-7 (30 - 35 nm)/PSf  (0.54) (0.14) (1.85) £as
Poly(ether imide) + 245.9 13 23 35°C,2.03bar, o0,
7 wt.% ZIF-7 (1.98) (-0.66) (-0.49) single gas
Matrimid 5218 + 30 28.72 17.1 249 22°C, 4 bar [164)
wt.% ZIF-8 (60 nm) (2.56) (-0.24) (-0.29) single gas
PSf+ 24 wt.% 24 ) 24 35°C, 2 bar 162)
ZIF-8 (75-105 nm) (3.8) (0.04)  CO./CHy (1:1)
SBC*®+20 wt% ZIF-8  39.74 R.T., 2 bar
(nm, annealed) (1.95) 22(085) . single gas [180]
SEBS " + 30 wt.% 4392 10.6 52
ZIF-8 (88 nm) (1.57) (-0.15) (0.21) .
SEBS + 30 wt.% 454.6 12 5.4 ;’55 &fﬁg‘g 181)
ZIF-8 (240 nm) (1.66) (-0.03) (0.25) - bar,
SEBS + 30 wt.% ZIF-8  465.4 10.8 52 £as
(533 nm) (1.728)  (-0.13) (0.21)
PVC-g-POEM € + 30 687.7 12.4 35 °C, single
Wt% ZIF-8 (206 nm) 780y S OIH ) gas [182]
PIM-1 + 43 vol% 6300 14.7
ZIF-8 (as-casted) (0.44) ) (0.04) R.T., 1 bar, [166]
PIM-1 + 43 vol% 19350 73 single gas
ZIF-8 (alcohol-treated) (0.53) ) (-0.57)
947 16.7 21.9 35°C, 1 bar,
TRE20WLHZIES 159 (0.19)  (-0.03) single gas [174]
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XLPEGDA + 59.8 wt.% 910.8 9.2

ZIF-8 (115 B3OID 637y 350, 5 atm, .
XLPEGDA +67.7 wt.%  1083.7 38.5(0.17) 12.7 single gas
ZIF-7 (1.56) T (-0.12)
Pebax 2533 + 10 wt.% 321 42.8
Zn/Ni-ZIF-8 (0.97) (~0.49 ) 30 °C, 2 bar, [184]
Pebax 2533 + 10 wt.% 266 33.8(0.13) . single gas
ZIF-8 (0.63) A
Pebax 1657 + 5 wt.% 130 46.4 18.6
ZIF-8 (0.63) (-0.12) (-0.06) 35°C, 11 bar, [185]
Pebax 1657 + 5 wt.% 160 81.0 249 single gas
ZIF-67 (0.63) (0.54) (0.26)
6FDA-DAM + 20 wt% 257.5 i 31.02 30 °C, 4 bar, [172]
ZIF-11 (0.2 -2 um) (11.5) (-0.05) single gas
PIM-1 + 20 wt.% 5206 16.8 30 °C, 2 bar,
ZIF-67 (0.15) 24.2(0.20) (0.34) single gas [170]
PIM-1 + 30 wt% 8377.1 18.3 11.2
ZIF-71 (1.54) (-0.09) (0.10) 35°C, 3.5 atm, [167]
UVPIM-1 + 30 wt% 3458.6 26.9 35.6 single gas
ZIF-71 (1.80) (-0.1) (0.04)
6FDA-Durene + 20 wt% 2560 13.8 14.2
ZIF-71 (30 nm) 2.1 (-0.07) (-0.17)
6FDA-Durene + 20 wt% 2744 132 13.9 35°C, 3.5 atm, [171]
ZIF-71 (200 nm) (2.41) (-0.09) (-0.18) single gas
6FDA-Durene + 20 wt% 1656 13.5 14.7
ZIF-71 (600 nm) (1.06) (-0.08) (-0.14)
6FDA-DAM + 15 wt.% 700
ZIF-90 (0.85 pm) (0.79) - 37034 5502 am (1651
6FDA-DAM + 15 wt.% 590 i 34 (0.42) CO,/CH, (1:1)
ZIF-90 (2.0 um) (0.51) '
6FDA-TP + 50 wt% 63 20 36 30 °C, 9.5 bar, [168]
ZIF-90 (79 nm) (2.15) (0.0) (-0.03) single gas
6FDA-DAM + 40 wt.% 2310 227 ) 25°C, 2 atm [173]
ZIF-94 (< 500 nm) (2.0) ' CO2/N; (15:85)
~160¢ ~12% 6 atm
PSf+0.037 wt. % (14) (~0.5% ) CO2/N;z (1:1) [186]
ZIF-108 (170 nm) ~ 1804 ~12.5¢4 6 atm
(> 10) ) (~0.5%  CO»/CH4(1:1)
Pebax 1657+ 5.0 wt.% 139.4 73.2 17.6
ZIF-67 nanosheets (0.51) (0.76) (0.45)
Pebax 1657+ 5.0 wt.% 95.7 46 12.9 25°C, 1 bar, [177]
ZIF-67 nanoparticles (0.03) (0.10) (0.06) single gas
Pebax 1657+ 5.0 wt.% 101.0 45.1 12.8
ZIF-67 microparticles (0.09) (0.08) (0.06)

: SBC: poly(styrene-co-butadiene)

: SEBS: polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene
: PVC-g-POEM: poly(vinyl chloride)-g-poly(oxyethylene methacrylate)

: Estimated
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Figure 2.16 The changes of CO; permeability vs. the changes of CO»/N; (solid symbols) and CO,/CH4
(open symbols) selectivity after adding ZIFs into the polymeric matrix. The results are listed in Table 2.5.
However, the CO»/light gas selectivities were not enhanced greatly as expected [160, 165, 187].
The selectivities only show moderate [161] or even negative improvements [164, 179] in plenty of
research works, as displayed in Figure 2.12. One of the reasons for it is the gate-opening
phenomenon existed in ZIFs, presenting as the molecules bigger than the pores still can pass
through the ZIFs, due mainly to the swinging of the -CH3 groups and imidazolate linkers [188].
Therefore, the blocking effects are much lower than expected. But the most severe one is the bad
interface between the polymeric matrix and ZIF particles due to the incompatible issue [158, 187,
189, 190]. This incompatibility leads to the non-selective void between polymeric chains the
particles, which has been observed by SEM in several reports [191, 192], and as a result, the
selectivity deteriorates. This issue will become much severer for further scaling-up, where MMMs
work as the selective layer in composite membranes, because of the very thin layer with a thickness

of <1 pum.

Apart from the interface issue, the agglomeration of particles or poor dispersion has been observed
from SEM, especially when the filler loading is high, which could result in separation performance
deterioration. This problem is usually associated with the poor adhesivity of polymers on the filler
surface, which leads to the bad compatibility between fillers and polymers. Some researchers claim
that the compatibility between ZIFs and polymers may have been overestimated. In order to
overcome it, the selection of polymer and ZIF pairing and the preparation methods should be

wisely chosen.
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2.3.2. Current modification approach

To address the above-mentioned issues, research attentions have been drawn into understanding
how particles affect the performance of the resultant MMMs, modifying the particles’ surface or
the organic linkers for better compatibility between polymers, adding third compounds, and

developing new membrane preparation methods [156, 157, 193].

The properties of polymers and ZIFs are directly associated with the interface morphology of the
resultant MMM s as well as the separation performance. Moreover, the polymer matrix determines
the lower limitation of CO> separation performances, while the added ZIFs affect their
improvement, based on the Maxwell equation, in a defect-free MMMs. Hence, a wise pairing has
a higher possibility of obtaining better membranes. In terms of ZIF-based MMMs, the ZIFs have
been regards as good fillers in some polymers, like polybenzimidazole (PBI), due to the strong
interaction [189, 194]. Great improvement has been reported for H» separation and pervaporation,
but this combination is rarely used for CO; separation because of the low CO; permeability and

selectivity of PBI. Hence, the research interests have been more focused on the ZIFs side.

2.3.2.1 Filler properties

Previously the researchers focused more on the effects of pores inside ZIFs, especially the pore
size, or the chemical properties of organic linkers in terms of the compatibility with polymers.
However, several recent studies have shown that the filler’s geometry may result in distinct
performance, even for the same pairing [189]. Generally speaking, MOFs with smaller sizes have
higher external surface areas and thus more interfacial areas between polymer and nanoparticles
[165, 195, 196]. But on the contrary, larger particles have less trend of particle agglomeration and
may benefit the gas transport properties of the resultant membranes [171, 196, 197]. Therefore,
the optimization of nanoparticle size should be taken into consideration. Zheng et al. prepared a
series of MMM s containing Pebax and ZIF-8 nanoparticles with different sizes (40—110
nm) and found out that the larger nanoparticles are preferable for both CO, permeability
and CO2/Nz selectivity, for all studied ZIF-8 loading [197]. It is believed that the presence
of larger ZIF-8s in MMM s leads to a higher free volume and thus higher permeability, and
the higher specific surface area of ZIF-8 nanoparticles benefits the selectivity. Similar
results have been reported in several research works [171, 196], while further increases in
particle size may not bring positive results. Japip and co-workers investigate the effects of
the filler sizes on the gas separation performances of 6FDA-Durene + ZIF-71 MMMs
comprising three different ZIF-71 particle sizes (30, 200, and 600 nm). They found that the
ZIF-71 with size > 200 nm endows lower CO> permeability, mostly due to the lower

diffusivity, with similar selectivity [171]. Another study reported the similar results that
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smaller ZIF-90 (0.85 pm) gives better results in both CO; permeability and selectivities
[165].

In addition to the size, the shapes of the particles also play a role in the interface morphology. The
most intensively studied particle shape is spherical or close to spherical, which is relatively easy
to be fully wrapped by polymeric chains, while the other appearance may result in different
situations. Koros et al. predicted that the particles with higher aspect ratio, like sheets, flake or
platelet-like, may be more attractive as fillers in MMMs because of the increased permeation
difficulty for the rejected gases and thus, the enhanced separation ability. These types of fillers
also could offer shortcut path for desired molecules and therefore, elevated flux [156, 198-201].
However, only a few related researches have been reported. Very recently, Feng and co-workers
developed several ZIF-67s (200nm nano-particles, 2 um micro-particles, and nanosheets) and
incorporated them into Pebax 1657 to investigate the effect of the ZIF morphology in the
performance of the resultant MMMs [177]. The gas permeation results show that a small amount
of nanosheet (5 wt.%) endows about 51% increase in CO: permeability with simultaneous
improved CO2/Nz and CO2/CHyg selectivities, while other MMM display nearly unchanged values
in both CO2 permeability and selectivities. The authors speculate that the dispersed ultra-thin
nanosheets (~ 4 nm) provides more obstructs for bigger molecules, like CH4 or even N, but not
CO», since CO2 can pass through nanosheets directly. However, this theory cannot match with the
diffusivity and solubility data in this work, in which the CO> diffusivity and solubility improve,
but N> diffusivity and solubility keep almost unchanged compared to the MMMs with other ZIF-
67s. The incorporation of ZIF-67 nanosheets may have only offered more interfacial exchange
area and “shortcut” for CO; diffusion, not obstructs for bigger molecules. These results match with

several works employing other fillers [202, 203].

A recent study compares the effects ZIF-67 and ZIF-8 in the MMMs comprising of Pebax 1657 as
the polymeric matrix. Although these two ZIFs have the same organic linkers and crystal
morphology, the membranes containing ZIF-67 display higher values in both CO2 permeability
(160 Barrer) and selectivity (CO2/N2: 81 and CO»/CHa: 25), compared with the one enhanced by
ZIF-8 (130 Barrer with reduced selectivity) [ 185]. Moreover, the direct reasons for improved CO2
permeabilities are different: adding ZIF-8 increases CO; solubility, while added ZIF-67 enhances
diffusivity in MMMs. This difference is brought by the effects of metal ion, expressing as the
stiffer Co-N bond and smaller pore size. The influences of the metal ions have also been
documented in another study, in which the better performances are endowed by the Ni-substituted
ZIFs [184].

2.3.2.2 Modification of ZIFs

47



In addition to the bare ZIFs, functionalized ZIFs with CO;-philic compounds have been
accomplished to offer better compatibility with polymeric matrix and/or stronger interactions with
CO». Amino-functionalization is the most common one for this target [204-209]. Dong et al.
modified ZIF-8 by coating a thin layer of polydopamine on the surface and incorporated them into
Pebax membranes [204]. An anti-tradeoff behavior was reported in the membranes with coated
ZIF-8, which 15 wt.% loading gives 135% and 108% increments in CO> permeability and CO2/N»
selectivity, respectively, surpassing the upper bound. While adding the pristine ZIF-8 results in a
lower increment in CO; permeability and reduced CO> selectivity compared with the neat

polymeric membrane.

Linker-exchange is another direction for post-modification of ZIFs. Previous studies suggest that
the ligand dipole moment may be the main criteria of ZIFs’ CO» solubility, which also may
strongly affect the improvement in CO; separation performance of the MMMs [210]. In a recent
work, the modified ZIF-7 by replacing the organic linker inside ZIF-7 to benzotriazole has been
added into poly(ether imide) membranes, which improved permeabilities of all the gas investigated,
while adding the neat ZIF-7 led to significant reduction [179]. In addition to functionalized ZIFs,
some researchers have also chosen different strategies, such as thermal annealing [180] or etching
[208].

In addition to chemical functionalization, changing ZIF’s architecture has also been a direction.
Recently, hollow or capsule-like ZIFs have been reported as the fillers in MMMs [211-213]. Kim’s
group fabricated hollow ZIF-8s by several methods and incorporated them into PVC-g-POEM
[211, 212]. The as-prepared MMMs display a several-fold increase in CO» permeability with
moderate selectivity, which is close to the upper bound. Similarly, Hu et al. developed an open-
cocoon like ZIF and then embedded it into cross-linked PEO membranes. These ZIFs are
considered as “CO; transport promoter” and work as low-resistance channels only for COo.
Therefore, only 10 wt. % loading realized the enhancement of CO2 permeability from ~ 130 Barrer
to ~373 Barrer, with a 15% increase in CO2/H> selectivity and a slight decrease (10%) in CO2/N»
selectivity [213].

In the past years, employing porous nanomaterials as the carriers of ZIFs has been a popular
method for better filler dispersion and compatibility with polymer. Moreover, this method also
combines the advantage from both nanomaterials [214-216]. For example, Dong et al. [214]
fabricated MMMs by incorporating ZIF-8/graphene oxide (ZIF-8-GO) composites into Pebax to
improve CO; separation performance. This composite is designed based on the combination of the
high CO; solubility (ZIF-8) and the selective barrier (GO). Permeation results show that the

interface compatibility of ZIF-8-GO with Pebax and the separation performance of the resultant
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MMMs are much better than its parents. Only 6 wt.% filler content endows a CO2 permeability of
249 Barrer and a CO2/N3 selectivity of 47.6.

2.3.2.3 Third compounds

Introduction a third compound, usually liquids, into the polymer + ZIFs binary systems is another
promising approach. The third compounds are mainly designed and used for eliminating the
interfacial voids [189, 217]. ILs have excellent CO; solubility and negligible vapor pressure, and
hence have often been utilized as the third compounds in MMMs to ease the interface issue and

improve CO affinity of membranes.

Li et al. introduced several ILs into Pebax/ZIF-8 systems by direct blending. Compared to the
binary systems, this ternary system displays three-step changes: the CO» permeability increase,
then decrease, and finally increases with the ILs loading [218]. The ionic liquids first locate at the
interfacial defects, then the initial free volumes, and finally expand the interchain distance due to
the large amount, which matches the changes in permeability. The positive effects are also reported
in the PIL/IL/ZIF systems, where the negative results are not found, which may be because of the
different preparation. In these systems, ionic liquids mainly behave like the wetting agent between
the ZIF-8 and PIL phases at low loading [219]. Following the same idea, free PEO has also been

employed as the third compounds in a recent work [220].

Different preparation methods have been developed, and different effects of ILs are also explored.
For example, the ZIFs could work as nanocages for immobilizing ILs, and then be incorporated
into the polymeric matrix. Some attempts have been devoted to this approach and found improved
performance in the corresponding membranes because of the high CO; solubility of ILs. In this
regard, higher CO; selectivity and better mechanical properties have been reported compared with
the one only containing ZIF particles, suggesting the better compatibility between IL-loaded ZIF
and polymeric matrix and the favorable interface [221]. However, due to the occupied pores in
ZIFs, the CO; permeability of the ternary is lower than the binary system. An obvious cavity-
occupying effect of ILs in the cages was observed, which led to a decrease in the effective cage
size of ZIF-8. This cavity-occupying effect, also reported in other work [222], has been observed,
expressed as the decrease in the effective cage of ZIF-8 (from 1.12 to 0.59 nm) based on Nz

adsorption results.

2.3.2.4 Novel preparation methods

The preparation methods have a great influence on the MMMs morphology. For example, the

agglomeration of fillers may happen during solvent evaporation when the viscosity of membrane
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solution is too low, or the dispersion of fillers inside membranes solution is very poor. The most
widely used preparation method is priming one, in which the polymers are gradually added into
the filler/solvent suspension, so that the fillers could be coated by a thin layer of polymer at the
first stage. Moreover, the stress at polymer/filler interface could be reduced, and as a result, better
polymer/filler interaction. However, this process is still not sufficient to eliminate the formation
of agglomeration in some cases. Some novel preparation methods have been proposed to obtain

better dispersion and interface between polymer and fillers.

Blending ZIFs with the polymerizable monomers and then cross-linking these monomers at the
presence of ZIF particles. Since the fillers are well surrounded by the small molecules, the interface
issue between these ZIFs and the formed polymer chains are largely eliminated. To date, this
method is only valid for PIL/ZIF and cross-linked PEO/ZIF systems [219, 223]. For these two
classes of polymers, the glass transition temperatures are lower than room temperature, and hence
the interface defects are further reduced because of the flexible chains. Furthermore, the addition
of free liquid additives, like ILs or PEGs, is usually accompanied, which further reduces the
possibility of generating interfacial void. Additionally, extra interaction may also be introduced
within ZIFs and polymers by careful design. Xiang et al. functionalized ZIF-7 with amine groups
by in-situ substituting 2-aminobenzimidazol into ZIF-7 and then mixed with PEO monomers to
form MMMs. Compared to the neat ZIF-7, this developed MMM displays both better CO2
permeability and selectivity. The improvement was believed as a result of the enlarged aperture
size of functionalized ZIF-7 and the chelating effect between Zn>* (ZIF-7’s metal ions) and ester
groups [223].

Recently, a recent work developed a bottom-up approach combining in-situ formation of ZIFs with
cross-linking PEO networks. The precursors were pre-dispersed with PEO monomers, following
by a thermal treatment, in which cross-linking PEO networks were achieved with simultaneously
formation of ZIF particles. The MMMs with a ZIF loading of 67.7 wt% was realized. Excellent
COs separation performances with a CO2 permeability of 1083.7 Barrer and CO2/Nz and CO2/CHy
selectivity of 38.5 and 12.7, respectively, have been documented, surpassing the upper bound for
CO2/N; pairing [183].
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Chapter 3

Materials and Experimental

3.1 Materials
General chemicals

Pentaerythritol triacrylate (PEG3A, 298 g/mol), pentaerythritol tetraacrylate (PEG4A, 352 g/mol),
1-hydroxylcyclohexyl phenyl ketone (HCPK, 204 g/mol), PEGDA with different molecular
weights (250, 575 and 700 g/mol), tris(2-aminoethyl)amine (TAEA), Jeffamine ED-600 (500
g/mol) and poly(ethylene glycol) dimethyl ether (PEGDME, ca. 500 g/mol) were all purchased
from Sigma Aldrich, Germany. Dipentaerythritol hexaacrylate (PEG5A, 578 g/mol) was obtained
from Abcr GmbH, Germany.

Three ionic liquids, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide
([Bmim][NTf], 98%), 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4], 98%), and
1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim][PFs], 98%) were obtained from
Sigma-Aldrich, Germany. 1-Butyl-3-methylimidazolium tricyanomethanide ([Bmim][TCM],

98%) was ordered from Iolitec, Germany.

Zn(NO3)2-6H20 and 2-methylimidazole (Hmim) were ordered from Sigma, Norway. PVA (Mn
30000 — 70000 g/mol, 72000 g/mol, 85000 — 124000 g/mol and 89000-98000 g/mol, 99%
hydrolyzed) and polyethylene glycol (400 g/mol, PEG 400) were ordered from Sigma, Germany.
Tolidine, dimethoxymethane (DMM), trifluoroacetic acid (TA), ammonium hydroxide solution
(28%) and methylpyrrolidone (NMP) were also bought from Sigma. Pebax 1657 and 2533 pellets
were ordered from Arkema, France. Ethanol (96%) and methanol were ordered from VWR,

Norway.
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The N2, CHs, CO2, H2 (99.999%), and the mixed gas (10 vol% CO: in N») used in gas permeation
tests were provided by AGA, Norway. All chemicals were used as-received without further

purification.

3.2 Synthesis of Polymer, ZIFs particles and membrane preparation

Cross-linked PEG membranes

Cross-linked PEG membranes were fabricated by UV-induced cross-linking reactions, similar to
that described elsewhere [1-3]. A brief description of the reaction scheme is illustrated in Figure
3.1. Multiple functionalized cross-linkers, linear monomers, free liquid-like additives (PEGDME

or ILs) and 0.01-0.1 wt% HCPK were mixed in a glass vial and stirred for several minutes to

ensure uniform mixing. The mass ratio of additives (W, 44itive) Was calculated based on Equation
3.1

m )
Waaaitive = additive x 100% (3.1)

cross—linker + Miinear monomers

Where Mgq4itives Meross—tinker N Myinear monomers are the mass of additives, cross-linker and

linear monomers, respectively.

After mixing, the mixture was sandwiched between two quartz plates separated by spacers to
control the membrane thickness. The solution was photopolymerized under a UV lamp (UVLS-
28, Ultra-Violet Products Ltd.) with a wavelength of 365 nm for 2 h. The resultant membranes

were evaluated by various characterization methods and permeation tests.
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Figure 3.17 Schematic representative for preparation of cross-linked PEG membranes.

TB polymer synthesis

The TB polymer was synthesized based on a procedure reported previously [4, 5]. The
polymerization reaction is shown in Scheme 3.1. Under a N> atmosphere, 20 g o-Tolidine and 36
g DMM were mixed in a 500 mL three-necked flask, which was placed in an ice-water bath. 200
ml trifluoroacetic acid (TFA) was added drop-wisely into the mixture within 30 min. The mixture
was stirred under ambient condition for 48 h. Thereafter, the polymerization was stopped by slowly
pouring the solution into 2 L aqueous ammonium hydroxide solution (5 wt. %). The obtained
polymer was washed with excess DI water until the pH close to 7. The polymer was then dried in
a vacuum oven for 12 hours at 80 °C. The polymer was further purified by dissolving it in NMP
(~10 wt.%) and re-precipitate it in methanol for 2 times. Finally, the polymer was dried in vacuum
oven for 12 hours at 80 °C.

CHj
DMM |O N
A '
TFA N7
H,C

Scheme 3.1 The polymerization of TB polymer.
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ZIF particle preparation

The preparation of ZIF particles is similar to the method developed by Wang’s group [6]. 0.59 g
Zn(NO3)226H20 and 1.30 g Hmim were dissolved in 40 mL deionized water or 1 wt.% polymer
solution, respectively, and then the two solutions were mixed with stirring at room temperature for
3 h. For the preparation of ZIF-L-Co, 0.7275g Co(NO3)226H>0 and 2.4025g Hmim was dissolved
in two glass bottles with 50 mL DI water, before the two solution were mixed and the mixture was
further stirred for another 30 min. White ZIF-L-Zn and purple ZIF-L-Co were obtained by
filtrating the solution using a vacuum filtration assembly (VWR) equipped with a PVDF filter
membrane (pore size of 0.65 pm). The obtained ZIF particles were further washed with DI water
for several times and finally dried in a vacuum oven for 12 hours at 60 °C.

MMMs preparation

In this work, MMMs were prepared through a knife-casting method similar to the literature [7].
The solvent, the polymeric concentration and the drying temperatures were adjustable depending
on the polymer employed in each study. Take Pebax 1657 based MMMs as example, the Pebax
1657 polymer was dissolved in EtOH/H>O mixture (70/30 vol%) with reflux at 80 °C for ~ 3 hours
with a concentration of 8 wt.%. The Pebax 1657 solution was mixed with the desired amount of
ZIF-C aqueous dispersion under stirring for at least 6 hours. The mixture was then casted on a
Teflon plate using a casting knife (PA-4302, BYK-CHEMIE GMBH, Germany) with a wet gap of
~ 600 um. The casted membrane was then placed in a ventilated oven at 40 °C for at least 6 hours.
After the membrane was removed from the Teflon plates, it was dried in a vacuum oven at 60 °C

for at least 6 hours before further characterization.

3.3 Characterization techniques

3.3.1. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy is one of the most powerful tools for the determination of functional group in
materials (solid, liquid and gas) together with possible intermolecular bonds between the
compounds in the studied materials. In a typical FTIR tests, the IR beam generated by certain
sources passes through the investigated materials and then will be collected by the detector. The
FTIR spectrum originates from the differences between the raw IR beam and the one detected by
the detector. Therefore, the obtained FTIR spectrum can provide useful information regarding to
the chemical bonds inside the investigated materials, based on the fact that different bonds absorb

light at different wavelengths.
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In this study, FTIR was used to detect the vibration characteristics of chemical functional groups
in the studied materials. A Thermo Nicolet Nexus FTIR spectrometer with a smart endurance
reflection cell was used to obtain the FTIR spectra of the investigated materials with a wavelength
range of 500 - 4000 cm™'. The obtained spectrum is the average of 16 scans. The attenuated total

reflectance (ATR) technique has been employed using a diamond crystal.

Sample

IR source Detector

Figure 3.18 Schematics of FTIR analysis with the ATR mode

3.3.2. Thermo-gravimetric analysis (TGA)

Thermo-gravimetric analysis (TGA) is a thermal analysis method by studying the mass change of
a material with a function of temperature (with constant heating rate) or time (with constant
temperature and / or constant mass loss), as shown in Figure 3.3. Some information related to the

physical and chemical properties of the studied materials can be obtained from the TGA results.

In this study, the TGA is used to investigate the thermal stability of the materials in terms of the
decomposition temperature and decomposition behavior. A thermo-gravimetric analyser (TGA,
NETZSCH-Gerédtebau GmbH) was used. Samples of 10 - 20 mg were placed in the crucibles and
heated from room temperature to up to 800°C with a heating rate of 10 °C /min. Nitrogen was used

as both the balance and sweep gas, with flow rates of 10 and 60 mL/min, respectively.
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Figure 3.19 Schematics of TGA.

3.3.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermo-analytical technique, in which the difference
in the amount of heat required to increase or decrease the temperature of a sample and reference
is measured as a function of temperature. The temperatures of both the sample and the reference
pans are maintained at the same level throughout the experiment. The difference in the required
heat of the sample pan and reference pan reflects the thermos-properties of the investigated
materials, as illustrated in Figure 3.4. The reference sample should have a well-defined heat

capacity over the range of temperatures to be scanned. Generally, air is used as the reference.

Gas out

Sample pan Reference pan

Heating
plate

Gas in

Figure 3.20. Schematics of DSC.

In the present work, the thermal properties of various materials were investigated using a DSC
(DSC 214 Polyma, NETZSCH-Gerétebau GmbH). A sample of about 10 - 20 mg was put in an
aluminum pan covered with a proper lid. The sample and reference (a standard empty pan with

cover) were heated at a rate of 10 °C/min under an N> atmosphere in the DSC furnace. A plot of
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temperature versus heat flow (w/g) is obtained which was analyzed to obtain the glass transition

temperature and / or melting temperature of the investigated polymers.

3.3.4. Scanning electron microscope (SEM)

A scanning electron microscope (SEM) is one of the most useful electron microscopes that produce
images of various samples, including particles and membranes. As shown in Figure 3.5, in a SEM,
a beam of electrons produced by the filament goes through electromagnetic fields and lenses and
finally hits the sample, which can be detected by detectors.

U Filament

Aperture

| i B l Condenser lens

I I Scan coils
I I Objective lens

Figure 3.21 Schematics of SEM.

In this work, SEM was used to study the morphological characteristics of particles and membranes,
including both surface and cross-section images. A Hitachi S3400 scanning electron microscope
(Hitachi) was used. Samples of the membrane cross-section were prepared by freeze-fracturing in
liquid nitrogen. The samples were mounted on a sample holder and coated with a thin gold layer

(1 min for two times) for better electrical conductivity.

3.3.5. Atomic force microscopy (AFM)

AFM has been considered one of the highest resolution microscopies, that can offer the
information about nanoscale material (in the nanometer or even few angstrom range). In addition
to the high resolution, it has much low requirement on the space for guiding the beam (by creating
a vacuum) and the sample conductivity, and thus does not need to stain/coat samples with other
materials. Tapping is the most common mode to obtain AFM images for regular solid materials or

liquid samples, as presented in Figure 3.6.
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In the current work, the topography of ZIF-C nanosheets was characterized by an AFM
(Dimension Icon, Bruker) using ScanAsyst mode. The as-prepared nanosheets were dispersed in

ethanol and dried on cover glasses for AFM analysis.

Detector and feedback
electronics

M Sample

Figure 3.22 Schematics of AFM with the tapping mode.

3.3.6. X-ray diffraction (XRD)

XRD is a nondestructive technique for characterizing crystalline or semi-crystalline materials. It
provides detailed information about the crystallographic structure, chemical composition, and
physical properties of materials. X-ray diffraction peaks are produced by constructive interference
of a monochromatic beam of X-rays scattered at specific angles from each set of lattice planes in
a sample. The peak intensities and locations are determined by the atomic positions within the

lattice planes, as shown in Figure 3.7 [8].

Diffracted beam

>~ B

Incident beam Transmitted beam

Figure 3.23 Schematics of XRD.

In the current work, the crystallinity of the prepared ZIF materials and resultant membranes
was analyzed by a Bruker D8 A25 DaVinci X-ray Diffractometer (Bruker) with
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characteristic wavelength A=1.54 A (Cu Ko radiation). The scans were taken in the 20 range
from 5° to 75°.

3.3.7. N2 adsorption

For porous material, especially porous nanoparticles, the surface area contains not only the external
but also internal surface area, which could be very useful information indicating the pore size and
/ or the porosity of the studied materials. The most frequently employed characterization technique
to obtain surface area of nanomaterials is N2 adsorption based on Brunauer-Emmett-Teller (BET)

theory. Consequently, the obtained surface area is called the BET area.

In this work, a Tristar II 3020 (Micromeritics Instruments, USA) was used for N> sorption
isotherms at 77 K. Before the measurements, ZIF samples were degassed at room temperature

overnight under vacuum.

3.3.8. Water uptake

Water-uptake tests were conducted to evaluate the hydrophilicity of the membranes, as well as
their swelling capacities. Membrane samples were dried by heating in vacuum oven at 60 °C
overnight prior to the water uptake tests. These samples were then placed in a closed container
saturated with water vapor (100% relative humidity) at ambient temperature. The subsequent
increase in weight was measured at different time intervals until it was stabilized. The water uptake

(Wh,0) of membranes was calculated by

my, — Mg
Wy,0o = —— X 100% (3.2)
mgq
Where m,, and m, are the weights of water-swollen and dried membranes, respectively. Water

uptake of the membranes was estimated from the average Wy, o value of two samples with an error

lower than 10%.

3.3.9. Rheological test

For polymer solution with a certain concentration, its viscosity is usually positively related to the
molecular weight of the polymer. For instance, during polymerization, the viscosity of the polymer
solution increases with the length of the polymer chains, which also can be considered as the
molecular weight of the polymer, because the longer chains have more resistance for friction
compared to the small compounds. Therefore, viscosity could be used to measure the polymer’s

molecular weight qualitatively.
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In the current work, the viscosity of liquid samples was measured by rheological tests performed
on a Thermal Scientific HR-2 instrument, as shown in Figure 3.8. Samples were interrogated in a

parallel-plate geometry with a 1 mm gap size at shear rates ranging from 1 to 100 s™! at 20 °C.

Torque

Liquid sample .[ -
( J

Figure 3.24 Schematics of rheometer with parallel plate system.
3.3.10. Tensile test

Tensile test, or known as tension test, is one of the most fundamental and common methods for
characterizing the bulk mechanical properties. In a typical tensile test, tensile (pulling) force is
applied to a material and its response to a certain stress is measured and recorded. In this way,
several mechanical properties, including Young’s modulus, toughness and elongation, could be

obtained.

The bulk mechanical properties of the membranes in this work were investigated by performing
quasistatic uniaxial tensile tests on an Instron Universal Machine 5943. Samples measuring ~500

pm thick were cut into strips measuring 4.0 cm x 1.0 cm with a CO; laser on a Universal Laser

VLS3.50 system. The samples were strained at a crosshead speed of 10 mm/min. Each membrane

thickness was the average of 5 measurements.

3.4 Gas permeation

3.4.1. Single gas permeation test

The single gas permeation results were obtained from a constant volume and variable pressure
single gas permeation setup, as shown in Figure 3.9.
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Figure 3.25 Scheme of single gas permeation setup. P1 and P2 are the pressure indicator for the upstream
side with a range of 1 — 10 bar and the downstream side with a range of 0 — 100 mbar, respectively.

The gas permeability is calculated based on the Equation 3.3:

dpg dpg Vq 1
e[, e
[ dt tooo dt leak A-R-T (pu - pd) ( )

where P is the permeability, p; and p, represent the downstream and upstream pressure,

respectively, ¢ refers to time, V,; is the downstream volume, 4 means the effective membrane area,

R and T are the ideal gas constant and temperature, and / is the membrane thickness, respectively.

The leakage rate dpd/ J¢ Was measured by isolating the membrane cell at vacuum condition with

air for a certain period. The thicknesses of all membranes were measured by an ABS Digimatic
Indicator from Mitutoyo (Suzhou, China). The average thicknesses were given based on more than
10 measurements for each membrane. The permeability was the average values obtained based on,

at least, 2 samples with a relative error of less than 10%.
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Figure 3.26 The analysis using time-lag method.

Furthermore, the diffusion coefficient (D) was evaluated using the time-lag method according to

Equation 3.4:

l2

D=—
60

(3.4)

where 0 corresponds to the time from the start of the measurement to the time when the steady

state is achieved in permeation tests, as shown in Figure 3.10.

Accompanying solubility (S) values were calculated from the permeability and diffusivity
assuming the solution-diffusion mechanism apply in the Fickian regime, as shown in equation
(3.5):

S=—= (3.5)

The ideal selectivity a¢q,/n,Was calculated using Equation 3.6:

Pco
ACo,/N, = WZ (3.6)

2

3.4.2. Mixed gas permeation tests

The mixed gas separation performances were measured using a constant pressure/variable flow
method [7, 9]. Before the permeation test, all the membrane samples were carefully evacuated to
remove previously dissolved species. The gas separation performance was investigated by
measuring the steady state flux of two components in a mixed gas stream permeating through the
membrane, where all the process variables such as pressure, the relative humidity (RH) of the

gases, the gas flow rate, temperature and gas composition were continuously and simultaneously
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registered by a Lab View program. A mixed gas with the composition of 10% C0O2/90% N> was
used as a feed gas and CH4 was used as a sweep gas. The composition of the permeate gas was
analyzed continuously by a micro GC Agilent 3000. All the mixed gas permeation experiments
were performed at room temperature with a feed pressure of 2 bar and a sweep pressure of 1.05
bar if not particularly mentioned. The detailed mixed gas permeation setup is shown in Figure 3.
11. The relative humidity of the feed and sweep gas can be controlled by adjusting the flow rate
of the dry and wet flow.

MFC1 Vi V5

MFC2 v2

HT BPR

Safe trap Droplets trap Bubble flowmeter

Humidifer
o
3 GC

Water knockout

Membrane cell PRGOS

Feed gas HT
Bubble flowmeter
v7
MFC3 v3 V6

MFC4 V4 Water knockout

Safetrap Droplets trap MFC: Mass flow controller

Humidifer BPR: Back pressure regulator
HT: Humidity and temperature indicator
PI: Pressure indicator

Sweep gas

Figure 3.27 Scheme of humidified mixed gas permeation.

The permeability coefficient (P;) of the ith penetrant species can be calculated from Equation 3.7:

_ Nperm(l - yHZO)yi
A(pi,feed - pi,perm)

(3.7)

i

where Nperm is the total permeate flow measured by a bubble flow meter , yu,o refers to the molar

fraction of water in the permeate flow (calculated according to the relative humidity value and the
vapor pressure at the tested temperature), y; is the molar fraction of the gas 7 in the permeate flow
(%), and pi feea and piperm stand out the partial pressures of the gas i in feed and permeate streams,
respectively. A is the effective membrane area. In the present work, the gas permeability is
expressed in the unit of Barrer (1 Barrer = 107%cm’(STP)*cm*cm2*s™'*cmHg ™). The separation

factor was determined from Equation (3.8):
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_ yalyB
Qs =3 (3.8)

ya4and yp are the mole ratio of gas 4 and B in the permeate stream, while x4 and xp are the

mole ratio of gas 4 and B in the feed side.
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Chapter 4

Summary and suggestions for further work

4.1 Summary and conclusions

The main objective of this work has been to develop highly permeable polymeric membranes for

post-combustion CO2 capture. Two approaches have been employed to realize this objective:

chemically cross-linking PEO monomers based on click reactions and physically incorporating

new ZIF particles into polymeric membranes. From the results, it can be concluded that:

1) chemically cross-linking PEO monomers based on click reactions

The selected click reactions: aza-Michael, thiol-ene and thiol-epoxy, show excellent
feasibility for fabricating cross-linking PEO membranes with facile preparation methods
and tunable network structure.

Two cross-linking methods have been developed for fabricating cross-linked PEO
membranes with dual cross-link networks: the two-step cross-linking method combined
aza-Michael addition and acrylate polymerization and the one-pot method comprising
thiol-ene and thiol-epoxy.

The length of linear monomers and the functionality of the multi-functional cross-linker
have great influence on the gas permeability of the resultant membranes. Within the range
studied in this work, the longer linear monomers and less functional cross-linkers endow
higher CO» permeability with almost unchanged CO»/N> selectivity.

The addition of free PEGDME into cross-linked PEO membranes yields a significantly
enhanced CO» permeability without sacrificing the CO2/N; selectivity, which is mainly
attributed by the increase in CO> diffusivity.

The incorporation of free ILs has different impacts, which are greatly affected by the anion
types. The changes of CO; permeability depend on the content of ILs, which decreases at

low IL loading (< 20 wt. %) and then increases with increasing ILs content. The order of
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CO> permeability of IL-containing membranes matches with their CO> affinity:
[Bmim][NTf:] = [Bmim][TCM] > [Bmim][BFs]. The selectivity of the resultant

membranes decreases with the addition of ILs for all investigated ILs, probably resulted
from the less-selective nature of selected ILs compared to PEO.

For cross-linked PEO/IL membranes, further analysis reveals that the presence of ILs tends
to reduce the gas diffusivity in the range of investigated additive loading, while the CO»
solubility firstly decreases and then increases or keeps unchanged with increasing ILs

content, depending on the ILs’ composition.

2) Physically incorporation ZIF particles with various morphologies into polymeric

membranes

A simple preparation method for new ZIF with controllable morphology (cuboids with
different thickness, needles and particles) in diluted polymer solution at room temperature
has been proposed. Different polymers and their molecular weights have strong influences
on the shape and the size of synthesized ZIF nanomaterials, as well as the material
properties.

During the growth of ZIFs, the polymer additives are selectively attached on the surface of
the ZIF crystals and inhibit the growth of the crystal along certain directions, by which the
shape and the size of these nanosheets can be manipulates. This speculation has been
confirmed by FTIR and TGA results.

The ZIF cuboids with different thicknesses have been incorporated into Pebax 1657.1t is
found out that for all ZIF-Cs, both CO2 permeability and CO2/Nz selectivity increases with
the ZIF-Cs loading. However, the thickest ZIF-C is the most efficient nanofiller in
promoting CO; transport properties compared to its thinner counterparts, mainly because
of the selective adsorption of CO; inside the ZIF-C nanosheets. The highest CO»
permeability (387.2 Barrer) with a CO2/N; selectivity of 47.1 is obtained from the Pebax +
20% ZIF-C 85-124 MMM under fully humidified conditions.

To further study the impact of the filler’s morphology, the ZIF particles with different
shapes (particles, needles and leaves) have been embedded within the Pebax 2533 matrix.
The leaf-like ZIF has a higher agglomeration tendency compared to the other two.
Surprising, the effect of these ZIFs on the CO> permeation results are similar: CO»
permeability firstly increasing and then decreasing with increasing ZIF loading. The
optimized ZIFs loadings are 10 wt.% for particle- and needle- like ZIFs, while 5 wt.% for
leaf-like ZIF. The leaf-like ZIF endows the highest CO2 permeability followed by the
needle- and particle- like ZIF, but the order for CO2/N> selectivity is the opposite. The

shapes with higher aspect ratio may cause more voids inside MMMs due to the imperfect
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wrap by polymeric matrix, resulting in higher gas transport properties with lower
selectivity.

e Two leaf-like ZIFs based on different metal ions (ZIF-L-Zn and ZIF-L-Co) have been
added into TB polymers to study the metal ion’s effects. Because of the stiffer Co-N bond,
the ZIF-L-Co may have a smaller efficient size than ZIF-L-Zn, indicated by the much lower
N2 adsorption amount. Hence, the H separation performance could benefit more from the
ZIF-L-Co instead of the ZIF-L-Zn, judging from the both higher H> permeability and H»
selectivities.

4.2 Recommendation for future work

In order to further study the structure-property of the cross-linked PEO-based membranes and ZIF-
based MMM s and then improve their separation performance, more studied are suggested based

on the results obtained from the current work:

e New cross-linking methods based on more efficient reactions with moderate reaction
conditions may be developed to achieve different cross-linking network structure;

e The influences of cross-linking network structure on the gas separation performance can
be further investigated by more advanced analytic techniques;

e More COz-philic liquid, such as amine-functionalized ILs into cross-linking PEO
membranes, may be used as the additives in PEO-based membranes, to further improve
CO:z solubility and potentially enhance CO> diffusivity;

e The long-term stability of the blend cross-linked PEO-based membranes with liquid
additives (e.g., free PEO and ILs) blend membranes should be studied;

e New methods to fabricate PEO membranes into thin-film-composite membranes should be
explored.

e New porous inorganic fillers with different morphologies should be used as the inorganic
phase in MMMs. The impacts on the morphology of inorganic phase on the interface
morphology inside MMMs and the gas separation performance of MMMs need more in-
depth discussion;

e The effects of fillers’ morphologies on gas separation performances can be integrated into
the current mathematical models for MMMs.

e New polymeric materials with better compatibility with nanofillers and processability for
MMMs fabrication should be developed.
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ARTICLE INFO ABSTRACT

Keywords:

For nearly two decades, membranes derived from polyethers have served as promising candidate materials for
CO, separation. Due to the inherent tendency of high-molecular-weight poly(ethylene oxide) (PEO) to crystallize
and thus reduce its CO, permeability, prior studies have focused on membranes produced from low-molecular-
weight poly(ethylene glycol) (PEG). In this work, a novel series of cross-linked PEG-based membranes composed
of interpenetrating polymer networks has been generated through the use of amine-terminated Jeffamine and
multiple acrylate-functionalized cross-linkers in a facile, solvent-free, two-stage reaction. Evidence of cross-
linked interpenetrating polymer networks formed by aza-Michael addition and acrylate polymerization is con-
firmed by real-time fourier-transform infrared spectroscopy. In addition, we systematically investigate the
thermal stability, mechanical properties and water sorption of these multicomponent membranes.
Corresponding CO, and N transport properties, evaluated by single-gas permeation tests, are found to depend
on both the chemical nature of the cross-linkers and the ratio of the interpenetrating networks. Moreover, free
PEG dimethyl ether has been added into the optimized cross-linked matrix at different loading levels to further

Polymer cross-linking
Poly(ethylene glycol)
Interpenetrating networks
Aza-Michael addition
CO, separation membrane

enhance gas-transport properties.

1. Introduction

Escalating atmospheric CO, levels are related closely to accelerating
global warming, rising sea levels and growing deterioration of typical
weather patterns. To address these worrisome concerns, the develop-
ment of CO,-capture technologies designed to reduce CO, emission
from diverse power generation sources has become increasingly urgent
[1-4]. Gas-separation membranes have long been considered as a viable
solution for CO, capture due largely to their relatively low cost, high
operational simplicity and reliability, high energy efficiency, and
overall environmental compatibility [2,5-10]. For nearly 50 years,
polymeric membranes have enjoyed the biggest share of the gas-se-
paration membrane market because of the lower cost and superior
processability of organic, compared to inorganic membranes [11].
However, the performance of polymeric membranes is generally limited
by the trade-off between gas permeability and selectivity [12], which
means that highly permeable membranes usually possess low selectivity
and vice-versa. Recently, several emerging polymeric materials and

* Corresponding author.
E-mail address: liyuan.deng@ntnu.no (L. Deng).
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material classes have attracted tremendous attention due to their un-
ique ability to surpass this trade-off, the so-called Robeson upper
bound, between selectivity and permeability [12]. Examples of these
exceptional materials or their membranes include polymers of intrinsic
microporosity (PIMs) [13-15], thermal rearrangement (TR) membranes
[16-18], poly(ethylene glycol) (PEG) or poly(ethylene oxide) (PEO)
membranes [19-21], and polymers endowed with specific chemical
moieties to serve as carriers for facilitated gas transport [22-24]. Of
particular interest here, polyether-based membranes generally possess a
high intrinsic affinity towards CO, [10,25]. Since high-molecular-
weight PEO is semi-crystalline, however, CO, permeability is compro-
mised by an increase in diffusive tortuosity and a reduction in CO,
solubility [26]. To overcome this drawback, low-molecular-weight PEG
has been cross-linked [20] and/or blended with various additives to
concurrently improve mechanical integrity and separation performance
[25,27].

Typical processes developed to generate gas-separation membranes
are often limited to solvent-based methods, such as dip-coating, spin-
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coating and solution-casting [11]. The potential toxicity and large vo-
lumes of organic solvents employed in membrane production provide
an ongoing impetus to explore more environment-friendly preparation
approaches [28,29]. For instance, a solvent-free method, such as
thermal [21,30] or UV [19] reactive coupling of end-functionalized
PEG, has become increasingly more attractive in membrane fabrication
[20,27]. Freeman and co-workers [19,31,32] have reported that UV
photopolymerization of acrylate-endcapped PEG oligomers could be
used to generate amorphous membranes in which the CO, permeability
substantially increased. Furthermore, they have demonstrated that the
cross-link density of such membranes can be controllably varied by
adjusting the water or PEG methyl ether acrylate (PEGMEA) level in
pre-polymer solutions [19]. Similarly, multicomponent membranes
composed of PEG diacrylate (PEGDA), PEGMEA and PEG dimethyl
ether (PEGDME) exhibit an unprecedentedly high CO, permeability
[20]. Recently, additional strategies have been proposed to improve
gas-transport properties by incorporating nanoparticles through phy-
sical blending and/or chemical bonding [33-35]. A fundamental
shortcoming of UV cross-linking is, however, that the free radicals
generated during acrylate polymerization are sensitive to atmospheric
O, trapped in the polymer solutions, thereby resulting in undesirable
oxygen inhibition and incomplete reaction [36]. Reduction of O, in the
reacting solution therefore requires the use of an oxygen-free glove box
or a dry N, atmosphere. To avoid this complication, Kwisnek et al.
[37,38] have incorporated multifunctional thiols into acrylate-functio-
nalized cross-linked PEG membranes to exploit the O, tolerance of
thiol-based radicals. The resultant thiol-modified membranes possess a
lower cross-link density due to a different polymerization mechanism,
but enhanced gas-transport [37] and mechanical [38] properties.

In addition to free-radical polymerization, other preparation
methods have also been used to form chemically cross-linked polymeric
networks/membranes on the basis of diverse PEG-based monomers/
oligomers. For instance, Shao et al. [39] have prepared cross-linked
amorphous PEG membranes from the ring-opening reaction of epoxy by
amine-terminated Jeffamine and report a slightly enhanced CO, per-
meability of 180 Barrer and a CO,/N, selectivity of 58. They have also
employed the reaction between bio-inspired dopamine and epoxy-
functionalized PEG oligomer to fabricate dopamine/PEG membranes at
elevated temperatures [40]. In addition, introduction of low-molecular-
weight PEGDME could greatly improve gas-transport performance. Dai
et al. [41] have investigated cross-linked PEG-based membranes pro-
duced from the reaction between diamine or diamine-functional ionic
liquids and PEG diglycidyl ether (PEGDGE) and possessing a CO, per-
meability of ~ 200 Barrer after free PEGDGE is incorporated into the
cross-linked network. It is noteworthy that all these reactions require a
moderately high temperature (= 80 °C) and a relatively long reaction
time (= 3h) to complete cross-linking, and some reactions need even
more complicated preparation [39,40], which is inconvenient for
practical applications. Thus, the development of a facile, rapid and
highly effective cross-linking system that employs relatively mild re-
action conditions is desirable for the fabrication of PEG-based mem-
branes.

Due to its mild reaction conditions and the absence of unwanted by-
products, aza-Michael addition constitutes one of the most important
reactions in organic chemistry and is crucial in the materials design of
functional silicone intermediates [42], biomaterial functionalization
[43] and the surface modification of membranes or nanoparticles
[42,44]. Here, we demonstrate that this reaction can likewise be ap-
plied to the preparation of novel PEG-based membranes for gas se-
parations. Generally speaking, the aza-Michael addition refers to the
addition reaction of a primary or secondary amine to an electron-de-
ficient molecule, such as an acrylate [45-47]. Ramis and co-workers
[45,48] have proposed a dual-curing and solvent-free procedure for
thermosets on the basis of aza-Michael addition (using an acrylate-
amine) and acrylate photopolymerization under atmospheric condi-
tions. The formation of tertiary amines by aza-Michael addition
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effectively prevents oxygen inhibition during free-radical acrylate
polymerization. Moreover, the properties of the final material are
tunable for diverse requirements by using different monomer species
and formulation specifications. This observation is in agreement with
the observations of Yang and co-workers [46,49]. That is, by tuning the
composition, monomers and reaction conditions, the network topology,
swellability and other properties of the aza-Michael addition product
(e.g., shape memory, environmental protection and structured surfaces)
could be readily modulated.

In this work, a series of PEG-based membranes developed ex-
clusively for CO, separation have been generated from aza-Michael
addition and free-radical acrylate polymerization and consist of inter-
penetrating polymer networks. A cross-linked acrylate-amine network
forms quickly at ambient temperature, while residual acrylate groups
are photopolymerized under UV radiation. The cross-link density can be
controlled by the choice of cross-linker at different compositions, and
addition of a PEG-based oligomer serves to induce network swelling
and improve gas transport. The chemical structure, thermal properties
and single-gas permeation of the resultant membranes are investigated
here by various characterization techniques.

2. Experimental
2.1. Materials

Pentaerythritol triacrylate (PEG3A, 298 g/mol), pentaerythritol
tetraacrylate (PEG4A, 352 g/mol), 1-hydroxylcyclohexyl phenyl ketone
(HCPK, 204 g/mol), Jeffamine ED-600 (500g/mol) and PEGDME
(ca.500g/mol) were all purchased from Sigma Aldrich.
Dipentaerythritol hexaacrylate (PEG5A, 578 g/mol) was obtained from
Abcr. All chemicals were used as-received without further purification.
The chemical structures of these monomer species are displayed in
Fig. 1.

2.2. Membrane preparation

Membranes were fabricated by a two-stage cross-linking reaction
similar to that described elsewhere [19,45]. A brief description of the
reaction scheme, illustrated in Fig. 2, is presented here. Multiple ac-
rylate-functionalized cross-linkers, free PEGDME and 0.01-0.1 wt%
HCPK were combined in a glass vial for several minutes to ensure
uniform mixing. The mass ratio of PEGDME (Wpgepmr) Was calculated
from

MPEGDME

WeeGpmE = X100%

@
A known amount of Jeffamine was added to the mixture under vigorous
stirring to promote complete reaction. The mole ratio of cross-linkers
and Jeffamine was calculated on the basis of acrylate groups to N-H
bonds. The mixture was then transferred to a vacuum oven to remove
the likelihood of bubbles. Afterwards, the solution was sandwiched
between two quartz plates separated by spacers to control the mem-
brane thickness. The solution was photopolymerized under a UV lamp
(UVLS-28, Ultra-Violet Products Ltd.) with a wavelength of 365 nm for
2 h. The resultant membranes were evaluated by various characteriza-
tion methodologies and permeation tests. In this work, all membranes
are systematically designated as "Cross-linker-Jeffamine-X-X" according
to the constituent species and the ratio of acrylate-containing cross-
linker to amine-terminated monomer. For example, the PEG3A-J-6-1
membrane consists of PEG3A and Jeffamine with 6 PEG3A acrylate
groups per Jeffamine N-H bond.

M Cross—linker

2.3. Membrane characterization

A Thermo Nicolet Nexus Fourier-transform infrared (FTIR) spec-
trometer with an attenuated total reflectance (ATR) cell equipped with
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Fig. 1. Chemical structures of the monomers and cross-linkers employed in this study: PEG3A, PEG4A, PEG5A, Jeffamine, HCPK and PEGDME.

a diamond crystal was used to collect chemical spectra from all the
membranes in this study. To monitor the real-time reaction between
cross-linker and Jeffamine, the Marco-Real protocol was employed: a
drop of mixture solution containing cross-linker and Jeffamine was
placed on the diamond crystal, heated to 30 °C and covered by a glass
Petri dish. Spectra were recorded every 1.5 min over the course of 1h
under isothermal conditions. The viscosity of liquid samples was mea-
sured by rheological tests performed on a Thermal Scientific HR-2 in-
strument. Samples were interrogated in a parallel-plate geometry with a

O~ Ambient
NHZO 5 Oty P o+o temperature
me O b O A, YT —
CH, o
~

1mm gap size at shear rates ranging from 1 to 100s™ at 20 °C. The
thermal stability of the membranes was interrogated by thermogravi-
metric analysis (TGA) performed on a Thermal Scientific Q500 instru-
ment. Approximately 10-20 mg samples were heated in a ceramic
crucible from ambient temperature to 700 °C at a constant heating rate
of 10 °C/min under N, to prevent thermo-oxidative degradation of the
membranes. The bulk mechanical properties of the membranes were
investigated by performing quasistatic uniaxial tensile tests on an
Instron Universal Machine 5943. Samples measuring ~ 500 pm thick
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Fig. 2. Schematic illustration of a portion of the PEG3A-Jeffamine interpenetrating network.
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were cut into strips measuring 4.0 cmx 1.0 cm with a CO laser on a
Universal Laser VLS3.50 system. The samples were strained at a
crosshead speed of 10 mm/min. Each membrane thickness was dis-
cerned as the average of 5 measurements. Water-uptake tests were
conducted to evaluate the hydrophilicity of the membranes, as well as
their swellability. Membrane specimens were placed in a closed con-
tainer saturated with water vapor at ambient temperature. The sub-
sequent increase in weight was measured until it stabilized. The water
uptake (Wyz0) of membranes was calculated by

Wy =W
——X%100%

W, @
where Wy is the final (stabilized) specimen weight and W, represents
the initial weight.

In this work, the gas permeability (P) of either CO, or N, through
the membranes was measured by the constant-volume variable-pressure
method according to

(%) (%)
dt ) dt ) teak ®3)

where p; and p, identify the downstream and upstream gas pressures,
respectively, and t is time. Here, V; is the downstream volume, A cor-
responds to the effective permeation area of membrane, R is the uni-
versal gas constant, T denotes absolute temperature, and [ is the
membrane thickness. The leakage rate of the gas permeation setup
(dpy/dt);— ar Was measured from the increase in downstream pressure
relative to vacuum over time. Membrane thicknesses were measured by
a Digitix II thickness gauge. Average thicknesses were averaged from
more than 10 measurements for each membrane. All gas permeation
experiments were performed using an upstream pressure of 2 bar (ab-
solute) at ambient temperature. For each membrane, the reported
permeabilities were the average of measurements acquired from at least
two specimens. The ideal CO,/N, selectivity was calculated from the
ratio of gas permeabilities viz.
b

w= B
T

Wino =

L/ B S
A«RT (p, — py)

(€3]
Furthermore, the diffusion coefficient (D) was evaluated by the time-lag
method during single-gas permeation tests from

12

b=%se ®)

where 6 corresponds to the time from the start of the measurement to
the time when steady state is achieved in permeation tests.
Accompanying solubility (S) values were calculated from the perme-
ability and diffusivity assuming applicability of the solution-diffusion
mechanism in the Fickian regime so that

S=—

D (6)

3. Results and discussion
3.1. Cross-linking mechanism

To confirm the aza-Michael addition between acrylate and amine
groups, we have performed real-time FTIR-ATR analysis of mixtures
composed of Jeffamine and PEG3A. Since the amine content in
Jeffamine is relatively low, the peak corresponding to the -NH, group
(at 3100-3500 cm™) is imperceptible, in which case changes in the
acrylate group are used to follow the reaction. The intensity of the
peaks corresponding to the -C=C- stretching band (at 1637 cm™) and
the =C-H band (at 1408 and 808 cm™) are observed to decrease sig-
nificantly with increasing time in Fig. 3, thereby confirming that the
acrylate groups are consumed. Considering that the amine is the only
functional group that is capable of reacting with the acrylate and that
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acrylate cannot self-react rapidly in the absence of catalyst in the pre-
sent system, this result confirms the reaction between Jeffamine and
PEG3A. In addition, the peak intensities related to the C=C and =C-H
bonds decrease sharply at early measurement times but become less
time-dependent as the reaction progresses, in agreement with the ty-
pical kinetics characteristic of a step-growth mechanism such as aza-
Michael polymerization [50]. The PEG3A is first expected to react ra-
pidly with Jeffamine to form star-like oligomers, which subsequently
react with each other and grow to build a cross-linked network. As
mentioned earlier, this reaction proceeds much more slowly during
real-time measurement (without constant stirring) when compared to
the reaction under film preparation conditions. In addition to these
real-time FT-IR results, the increase in viscosity of this mixture from
0.56 to 5.32Pass after 1h while stirred at ambient condition further
confirms that the amines in Jeffamine react with the acrylate groups on
the PEG3A cross-linker.

The effect of aza-Michael addition is also apparent from the spectra
of the final membranes, as evidenced in Fig. 4. A signal corresponding
to residual -C = C- bonds remains in FT-IR spectra acquired from PEG3A
or PEG3A-J membranes with sufficient irradiation (2h instead of the
regular 90 s — 3 min [31]), indicating incomplete conversion of acrylate.
The peak intensity of acrylate in these final membranes decreases upon
addition of Jeffamine. These observations could result from several
considerations. First, the cross-linkers used in this works are multi-
functional, in which case considerable steric hindrance might yield
isolated C=C groups during the cross-linking reaction. In addition,
oxygen inhibition might also contribute to the low conversion of ac-
rylate during homopolymerization [36]. Addition of Jeffamine with
longer chains is anticipated to increase the distance between cross-
linking sites and reduce steric hindrance. Moreover, the aza-Michael
addition overcomes oxygen inhibition of free-radical acrylate poly-
merization to achieve higher acrylate conversion. Lastly, as the con-
centration of Jeffamine is increased, typical peaks associated with the
ether and methyl groups (at 1102 and 2867 cm™, respectively) corre-
sponding to Jeffamine become more conspicuous in the FTIR spectra,
suggesting an increase in the fraction of ethylene glycol units, which is
further expected to benefit CO, transport and improve CO, separation
performance.

3.2. Bulk properties

The thermal stability of PEG3A-J and PEG3A membranes has been
investigated by TGA (cf. Fig. 5). These results reveal that all the
membranes investigated here exhibit single-stage thermal decomposi-
tion, with the decomposition temperature varying between 300 and
400 °C, depending on the formulation details. An increase in amine
content is, however, accompanied by a progressive reduction in the
thermal stability of the PEG3A-J membranes. This behavior is attrib-
uted to the intrinsic properties of the C-C and C-N bonds, since C-N
bonds are known to be less thermally stable than C-C bonds [45]. Al-
though these results demonstrate that the thermal stability of acrylate/
amine-based membranes is compromised upon addition of amine, all
the membranes possess sufficient thermal stability for CO, separation
membranes intended for use in post-combustion and natural-gas
sweetening, which are normally operated at temperatures below 80 °C.
It is worth mentioning here that differential scanning calorimetry was
also conducted on the resultant membranes. No distinct glass transition
temperatures (Tys) are, however, observed over the range from
-150-150 °C, suggesting that either the expected Ty is lower than the
test temperature (the reported T, of the cross-linked PEG membrane is
usually < 0°C) or the heat change associated with the Ty of these
membranes is undetectable by this characterization method. For this
reason, these results are not reported in this work. Since these mem-
branes must likewise possess sufficient mechanical resilience, the me-
chanical properties of PEG3A-J and PEG3A membranes have been
evaluated by quasistatic uniaxial tensile testing (according to ASTM
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D882-1223 and displayed in Fig. 6A). All the membranes undergo
catastrophic failure over a relatively narrow strain range (< 13%) with
only PEG3A-J-1-1 displaying evidence of elastomeric behavior. From
these strain-stress curves, the PEG3A-J membranes are found to be less
brittle compared to the neat PEG3A membranes, and an increase in
Jeffamine content promotes an increase in the maximum strain and a
corresponding reduction in tensile strength. The tensile modulus, which
quantifies the stiffness of a solid material [51] and is calculated from
either the initial slope of the stress-strain curve or the stress measured
at 2% strain, is observed in Fig. 6B to decrease with increasing Jeffa-
mine fraction. Tensile strength values, identified as the maximum
stresses observed in Fig. 6A and included in Fig. 6B, indicate a slight
maximum, but does not change appreciably, with increasing Jeffamine
content. Also included in the inset of Fig. 6B are the elongation-at-break
(discerned at the tensile strength) and the relative fracture toughness
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(measured from the area under each stress-strain curve and normalized
with respect to the value determined for PEG3A). We therefore con-
clude that the PEG3A-J membranes become softer (lower tensile mod-
ulus) and weaker (lower tensile strength) but more stretchable (larger
maximum strain) and tougher (larger fracture toughness) as the N-H/
acrylate ratio is systematically increased. These changes are believed to
be due to the longer chains afforded by the addition of Jeffamine.
Gas-separation performance can be significantly improved by the
presence of water vapor for hydrophilic membranes such as poly-
vinylamine [52,53], poly(acrylic acid) [54], poly(vinyl alcohol)
[55,56], and ionic liquid-containing membranes [57-59]. Several fac-
tors could be responsible for such improvement: enhanced polymer
chain mobility, highly permeable water-swollen regions or facilitated
transport arising from specific functional moieties. For comparison, we
examine the effect of water sorption on the present membrane
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materials. Fig. 7 displays water uptake results measured from the
PEG3A-J membranes at ambient temperature and immediately reveals
that these membranes with different interpenetrating networks exhibit
different hydrophilicity levels. The extremely low water uptake
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(< 2wt%) of the parent PEG3A membrane is a direct consequence of
its high cross-link density. Water uptake increases slightly upon addi-
tion of Jeffamine, ultimately resulting in 48.5wt% for PEG3A-J-1-1,
which does not contain interpenetrating networks connected by C-C
and C-N bonds. Since C-C bonds are less hydrophilic than C-N bonds,
the existence of more C-C bonds in the PEG3A-J-1-2 membrane reduces
its bulk hydrophilicity, as reflected by its lower water uptake of 9.2 wt%
in Fig. 7.

3.3. Permeability considerations

To ascertain the influence of cross-linker functionality on the gas-
separation performance, cross-linked PEG membranes have been pre-
pared from three cross-linking agents possessing different functional
groups (PEG3A, PEG4A and PEG5A) at a constant N-H:acrylate ratio of
1:4. The single-gas transport properties of these membranes have been
tested at ambient temperature with a feed pressure of 2.0 bar and a
vacuum level of 1 mbar on the permeate side. The CO, and N, per-
meabilities of these membranes, as well as the corresponding CO,/N»
ideal selectivities, are presented in Table 1. Theoretically, an increase in
the fraction of acrylate groups contained in the cross-linkers is expected
to generate membranes with a higher cross-link density and lower gas
permeability, which agrees with the N, permeability of these mem-
branes. The CO, permeability of PEG5A-J-4-1 appears to increase
slightly relative to PEG4A-J-4-1, but this difference lies within the
range of experimental uncertainty. A similar trend applies to the CO,
diffusivity, which is also complicated by experimental uncertainty.
Taken together, these results suggest that gas permeability decreases
(or at least does not change significantly) as the number of acrylate
groups in the cross-linkers is increased. Due largely to the dependence
of N, permeability on cross-linker functionality, the CO,/N, ideal se-
lectivity increases with increasing acrylate content, a result of higher
cross-link density, as evidenced by the combination of a nearly un-
changed CO, solubility and a reduced CO, diffusivity. Because of such
high cross-link density, all membranes display relatively low gas per-
meability and moderate CO,/N, selectivity. To improve gas-transport
properties, we have chosen the PEG3A cross-linker for further study in
this work.

The effect of dual cross-linked networks on the gas-separation per-
formance of PEG3A-J membranes is interrogated by systematically
varying the ratio between N-H and acrylate groups. In Fig. 8a, CO,
permeability and CO,/N, ideal selectivity values are provided as
functions of the N-H/acrylate molar ratio. While the CO, permeability
of cross-linked PEG3A is low (=1.56 Barrer) and the corresponding
CO,/N, selectivity is about 29, introduction of the cross-linked N-H/
amine network enhances CO, permeability and becomes more effective
with increasing N-H/acrylate ratio. Since N, permeability likewise in-
creases with increasing N-H/acrylate ratio, the CO»/N, ideal selectivity
is only marginally improved to just under 40 and then remains rela-
tively constant. Since the CO»-philic groups in both PGE3A and Jeffa-
mine are ether groups and cross-linked PEG-based membranes are ty-
pically rubbery at ambient temperature, these two materials are
reasonably expected to possess similar CO,/N, ideal selectivities (40 ~
60) as those of PEG-based materials. The reason for CO, permeability
enhancement in the PEG3A-J membranes is related to either the dif-
fusivity or solubility of CO, in the membranes. These values, calculated
from Egs. (5) and (6), respectively, are included in Fig. 8b. The CO,
diffusivity displays a monotonic increase as the N-H/acrylate ratio is
increased, indicating that the acrylate/amine cross-linked network be-
comes increasingly less dense, which is responsible for promoting a 5-
time increase in CO, diffusivity relative to that in the neat acrylate
cross-linked membrane and for following the same trend as membrane
stiffness (according to the tensile modulus in Fig. 6). As mentioned
earlier, Jeffamine possesses a longer chain than PEG3A, which extends
the distance between cross-link sites and generates a more flexible
network, resulting in a higher CO, diffusivity. On the other hand, CO,
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Table 1
The effect of different cross-linkers on gas-separation performance.
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Membrane Pco2 (Barrer) CO, diffusivity (10°® em?/s) CO, solubility (10" cm?/s) P2 (Barrer) CO,/N, ideal selectivity
PEG3A-J-4-1 3.73 = 0.50 1.30 + 0.30 2.96 + 0.30 0.10 * 0.03 36.5 + 6.0
PEG4A -J-4-1 1.94 + 0.31 0.58 = 0.05 3.36 = 0.23 0.05 * 0.01 38.7 £ 9.2
PEG5A-J-4-1 2.68 = 0.47 0.88 = 0.15 3.05 + 0.004 0.04 = 0.02 46.7 * 8.2
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Fig. 8. (A) CO, permeability and CO,/N ideal selectivity as functions of the N-
H/acrylate ratio (color-coded). (B) Corresponding CO, diffusivity and CO so-
lubility values of the PEG3A and PEG3A-J membranes (similarly color-coded).
The solid lines serve to connect the data. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article).

solubility initially displays a slight reduction (very close to experi-
mental uncertainty) from 0.031 to 0.027 cm*(STP)/(cm®-cm Hg) as the
N-H/acrylate ratio is increased from 0:1 to 1:2. A decrease in CO- so-
lubility over this range could be due to the lower CO, affinity for
propylene oxide relative to ethylene oxide [60-62]. Further increasing
the N-H/acrylate ratio to 1:1 promotes a considerably higher CO, so-
lubility of 0.073 cm3(STP)/(cm®-cm Hg) in the PEG3A-J-1-1 membrane.
This sudden increase is attributed to the positive effect of the presence
of additional C-N bonds.

A low-molecular-weight PEG additive (PEGDME) has been in-
corporated into the PEG3A-J membranes to further improve gas-se-
paration performance. The PEG3A-J-4-1 membrane is selected for this
analysis due to its promising mechanical stability. Both CO, perme-
ability and CO,/N ideal selectivity are shown as functions of PEGDME
content in Fig. 9a. As expected, the CO, permeability systematically
increases with increasing PEGDME loading level, from 3.7 Barrer in the
PEGDME-free membrane to 196.4 Barrer in the membrane with 100%
PEGDME incorporation. The CO,/N, ideal selectivity increases with
increasing PEGDME content up to = 50 wt% PEGDME and then re-
mains constant. Corresponding values of the CO, diffusivity and solu-
bility in PEG3A-J-PEGDME membranes are also provided in Fig. 9b. By

PEGDME content (wt%)

Fig. 9. (A) CO, permeability and CO,/N, ideal selectivity as functions of
PEGDME content in the PEG3A-J-4-1 membrane (color-coded). (B)
Corresponding CO, diffusivity and CO, solubility values of the same PEGDME-
containing membranes (similarly color-coded). The solid lines serve to connect
the data. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).
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Table 2
CO,/N, separation performance of cross-linked PEG-based membranes mea-
sured in this work and reported elsewhere.

Membrane Pcoz CO,/N, Reference
(Barrer) selectivity
XLPEGDA® 110 50 [19]
Poly(TE.GMVE:VE.EM)b 410 46 [61]
PEGDMA/SiGMA copolymers 255 20 [62]
Thiol-containing PEG 77 57 [37]
PEG cross-linked with A-amine 196 108 [41]
(80% free PEGDME)
PEGDGE cross-linked with Jeffamine =~ 180 58 [39]
PEG-Jeffamine (100% free PEGDME) 196 54 This work

@ Cross-linked PEGDA (molecular weight: 743 g/mol).
> TEGMVE: [2-(2-(2-methoxyethoxy)ethoxy)ethyl vinyl ether), VEEM: 2-(2-
vinyloxyethoxy)ethyl methacrylate.

increasing the PEGDME content, the CO, diffusivity increases mono-
tonically, while the CO, solubility fluctuates most likely within the
range of experimental uncertainty. The similarity of CO, solubilities
measured for membranes with and without added PEGDME is ex-
plained by the comparable affinity of PEG-based material for CO,.
Therefore, the increase in CO, permeability due to the addition of
PEGDME is mainly attributed to the increase in CO, diffusivity, whereas
the CO,,N, ideal selectivity relates to the CO, solubility. The increase in
CO,, diffusivity with PEGDME level could be explained by two effects.
Addition of low-molecular-weight CO,-philic species in the membrane
is expected to form fast diffusion zones so that CO, molecules will
migrate more readily through these regions [41,60]. Moreover, the
presence of PEGDME during membrane formation can alternatively
lead to larger distances between cross-link sites, resulting in larger
unobstructed gas-transport pathways. The overall performance of the
membranes prepared and examined in this study, as well as the state-of-
the-art PEG-based membranes, are compared in the Robeson trade-off
plot provided in Fig. 10. Detailed data from selected literature sources
are likewise listed in Table 2. As is evident from these comparisons, the
gas-separation performance of PEG3A-J-PEGDME membranes ap-
proaches the upper bound and becomes comparable to other recently
reported PEG-based membranes prepared by common solvent eva-
poration methods.

4. Conclusions

In this work a series of PEG-based materials with interpenetrating
polymeric networks has been synthesized and fabricated into mem-
branes for CO, separation. The preparation procedure is based on a
facile and solvent-free two-stage cross-linking process based on aza-
Michael addition and acrylate photopolymerization. Results from FTIR
spectroscopy confirm the cross-linking mechanisms and indicate the
existence of dual cross-link networks. The thermal stability of all the
membranes indicates that these membranes become less stable with
increasing amine content but are nonetheless suitable for CO, separa-
tion processes. Addition of Jeffamine softens and toughens the mem-
branes by introducing longer polymer chains and improving the flex-
ibility of the cross-linked network. An amine-induced increase in water
uptake confirms that the hydrophilic properties of the membranes are
improved by incorporation of Jeffamine. Although not investigated
here, this dependence might benefit CO, separation under humid con-
ditions. Three multi-acrylate functionalized cross-linkers have been
reacted with Jeffamine. Single-gas permeation results confirm that
cross-linkers with fewer acrylate groups induce lower cross-link den-
sities and better gas-transport properties. Cross-linked PEG membranes
possessing a high N-H/acrylate ratio display a high CO, permeability.
Incorporation of free PEGDME in the optimized membrane yields a
significantly enhanced CO, permeability that is largely attributed to an
increase in CO, diffusivity without sacrificing the CO,/N, ideal

462

Journal of Membrane Science 570-571 (2019) 455-463

selectivity. Overall, this two-stage cross-linking method constitutes a
straightforward and effective solvent-free route to prepare self-standing
cross-linked PEG-based membranes with excellent CO, separation per-
formance. In addition, the results reported herein have established that
the molecular, transport and bulk properties of these membranes are all
highly tunable, which affords practical advantages for feasible mem-
brane preparation under environmentally-benign conditions.
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ABSTRACT: Polyethylene glycol (PEG)-based membranes have
recently been reported with excellent CO, separation performances.
However, the commonly exhibited high crystallinity may deteriorate the
gas permeation properties in this type of membrane. In this work, a two-
stage cross-linking method was employed to fabricate PEG membranes
with interpenetrating networks to reduce the crystallinity. Ionic liquids
(ILs) were incorporated into the resultant membranes to further increase
CO, diffusivity and the CO, affinity of the membranes. By increasing the
length of the PEG-based acrylate monomers and optimizing the ratio of
the amine-functionalized cross-linker to the acrylate monomers, we
significantly enhanced the CO, permeability of the resultant membranes
(from 0.6 to 85.0 Barrer) with slightly increased CO,/N, selectivity. Four
conventional ILs (i.e,, [Bmim][BF,], [Bmim][PF], [Bmim][NTf,] and

{&‘TAEA

PEGDA

Cross-linked PEG membrane

IL blend PEG membrane

[Bmim][TCM]) with different anions were added into the optimized cross-linked PEG membranes. The addition of ILs
endows superior gas transport properties at high loadings, and the [Bmim][TCM] gives the best CO, separation performance
of the membranes; CO, permeability of up to 134.2 Barrer with the CO,/N, selectivity of 49.5 was documented. The anions in
ILs were found contributing the most in promoting the CO, permeation, and the higher CO, affinity endows the better CO,

separation performance in the resultant membranes.

1. INTRODUCTION

The membrane-based CO, capture technology, especially the
use of polymeric membranes, has attracted widespread interest
for its remarkable advantages, including low operation cost,
high energy efficiency, easy scale-up or scale-down, and small
footprint." However, the CO, separation properties of current
polymeric membrane materials are still not sufficient to make
membrane technology competitive to the mature amine-
absorption processes. According to the solution-diffusion
mechanism involved in most polymeric membranes, two
approaches could be taken to improve the separation
performance of a polymeric membrane: to increase the CO,
solubility (such as by introducing CO,-philic moieties) or/and
CO, diffusivity (e.g,, through enlarging the free volume of the
membrane matrices).>® For the first approach, the ether group
(—=C—0-) is a well-known functional group with high CO,-
philicity; hence, polymers containing plenty of ether groups,
such as polyethylene glycol (PEG, or also called polyethylene
oxide (PEO) at a high molecular weight), are expected to
possess excellent CO, separation performance.”*~

However, the pristine PEO membranes were reported
exhibiting very low CO, permeability (~10 Barrer),” most
probably due to its high crystallinity resulting from its
abundant ethylene oxide (EO) groups and the strong hydrogen
bonding, which impedes gas transport through the membranes.
It is reported that the formation of crystalline zones in PEO
polymers requires 4 chains containing 7 EO units,’ and

7 ACS Publications — © 2019 American Chemical Society
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therefore the crystallinity could be suppressed via cross-linking
PEG monomers with short chains by disrupting the repetition
of EO units. Following this idea, Lin et al. reported that by
simply cross-linking PEG diacrylate (PEGDA), the CO,
permeability of the membrane increases by ~10-fold without
sacrificing the CO, selectivity.® The significantly reduced
crystallinity and thus increased amorphous PEG phase release
the restricted crystalline zone for gas diffusion, resulting in
greatly improved CO, transport properties.

In addition, the length of the EO units or PEG monomers,
which can be simply presented by their molecular weight
(MW), is critical in determining the crystallinity and thus the
final gas transport properties of the PEG-based membranes, as
long polymer chains may result in increased crystalline zones.
However, after cross-linking, the membranes prepared by
monomers of long chains are more flexible and have more free
volume for gas diffusion. Patel et al. cross-linked PEGDA
membranes and reported that the CO, permeability increases
significantly with the number of EO units in PEGDA.” The
longer PEG monomers would result in much higher CO,
diffusivity after cross-linking compared with those made by
shorter chains.'"’ In addition to the enhancement in gas
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diffusivity, the EO density in membranes also slightly increases,
leading to a simultaneous increment in CO, solubility. Hence,
by simply employing longer PEG monomers, the consequent
increase in both diffusivity and solubility generates a great
increment (~10-fold) in CO, permeability. However, crystal-
line phases may form by monomers with the chain length of
>1500 g/mol;> hence, cross-linking with monomers of too long
PEG chains may not be able to suppress efficiently the high
crystallinity of the PEG polymers. On the other hand, cross-
linking with monomers of short chains results in high cross-
linking density, leading to a low free volume of the polymer
and low gas permeation. It is thus important to investigate the
effects of the chain length in cross-linked PEG-based
membranes to optimize the gas separation performance of
the membranes.

The incorporation of low-molecular-weight “free” PEG into
the PEG-based membranes has also been widely reported as an
effective approach to reduce the crystallinity and increase the
chain flexibility (and thus the free volume) of the polymers,
which enhances the gas transport properties in membranes
without sacrificing their CO, selectivity.'""* Similarly, the
addition of ionic liquids (ILs) has been reported in improving
the CO, Permeability of membranes made by crystalline
polymers.””™** ILs have been widely reported as CO,-philic
additives to improve the CO, separation performance of
membranes in recent years,'>' especially for membranes of
highly crystalline'>'®*® or highly cross-linked polymers.*"**
The addition of ILs may reduce the crystallinity and increase
the CO, diffusivity, therefore increasing the CO, permeation
properties greatly. Moreover, the high CO, affinity and the
extremely low vapor pressure of ILs are the additional
advantages as additives. Bara et al.”> added only 20 mol %
[Bmim][NTf,] into the poly(RTIL) membrane, and the CO,
permeability obtained remarkable enhancement (~4-fold) with
a slight improvement in CO,/N, selectivity (33%) compared
with that of the pristine poly(RTIL) membrane. The addition
of low-viscosity [Emim][B(CN),] endows an excellent CO,
permeability of 1778 Barrer (0.74 Barrer in its analogue), and
this great increment is mainly contributed by the increase in
CO, diffusivity.® In addition, the tunable chemical structures
of ILs bring in more possibilities to improve the membrane
properties for diverse requirements.”* However, some research
works reported that the addition of ILs into polymeric
materials did not result in the expected gain in gas
permeability.”>*° It is believed that the compatibility between
ILs and the polymeric matrices have a decisive influence on the
final performance.

Despite the similar role between ILs and PEG materials, the
combination of these two approaches has rarely been reported
in CO, separation membranes. In this work, the incorporation
of ILs into the cross-linked PEG-based membranes has been
systemically investigated. First, a series of cross-linked PEG-
based membranes with interpenetrating polymeric networks
were fabricated through a facile, two-stage cross-linking
method based on aza-Michael addition and acrylate homo-
polymerization.””*® The cross-linking density of the resultant
PEG membranes was optimized by controlling the molecular
weight of the acrylate-functionalized PEG-based monomer and
the ratio of amine cross-linkers to acrylate monomers. The
influences on the chemical structure, thermal properties, phase
transition behavior, crystalline trend and gas permeation
properties were studied by various characterization techniques.
Moreover, four conventional ILs with the same cation
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[Bmim]* but different anions were incorporated into the
optimized cross-linked PEG membranes, and their influences
on the material properties and the gas separation performance
were systemically investigated.

2. EXPERIMENT

2.1. Materials. PEGDA with different molecular weights
(250, 575 and 700 g/mol), tris(2-aminoethyl)amine (TAEA),
1-hydroxycyclohexyl phenyl ketone (HCPK) and three ionic
liquids 1-butyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide ([Bmim][NTf,], 98%), 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim][BF,], 98%),
and 1-butyl-3-methylimidazolium hexafluorophosphate
([Bmim][PF4], 98%) were purchased from Sigma-Aldrich,
Germany. 1-Butyl-3-methylimidazolium tricyanomethanide
([Bmim][TCM], 98%) was ordered from Iolitec, Germany.
The N, and CO, (99.999%) used in the single gas permeation
test were provided by AGA, Norway. The chemical structures
of the above-mentioned chemicals are depicted in Figure 1.

NH, i i
r Z o\/‘]\o)'\/c"'2
HaN N NH, H.C I n HO'
TAEA PEGDA HCPK
+ CH,
N
!\ - [ﬁ
(N) FC—S—N—S—CF; BF;  PFg C(CN)s™

1 1l
K/\ ¢ °
CH,

[Bmim]* INTEJ

Figure 1. Chemical structures of all chemicals used in the current
work.

2.2. Membrane Preparation. The cross-linked PEG
membranes were prepared through a two-stage method similar
to that reported in the literature.'"””*® For the readers
convenience, a brief description is presented below. First,
monomer PEGDA, the desired amount of ionic liquids, and
photoinitiator HCPK (0.01-0.1 wt % of PEGDA) were
magnetically mixed inside a glass vial for 30 min at room
temperature (RT). Then a proper amount of the cross-linker
TAEA was added into the resultant homogeneous mixture and
magnetically stirred (~30 min, RT) to ensure a complete
reaction (aza-Michael addition) between amine and acrylate.
Afterward, the mixtures were degassed in a vacuum oven for a
few minutes at RT to remove the possible bubbles. The
mixture was then poured onto a clean quartz plate and
sandwiched by using a second quartz plate on the top. The
plates were separated by spacers to control the membrane
thickness (200—250 pm). The liquid mixture was exposed
under UV light with a wavelength of 365 nm for 2 h (UVLS-
28, Ultra-Violet Products Ltd., UK) for the homopolymeriza-
tion of excess acrylate. After irradiation, the cross-linked
membranes were transferred to a vacuum oven overnight at 60
°C before further characterization. These membranes were
evaluated by various characterization methods and permeation
tests. The mass ratio of ILs is defined as the mass of ionic
liquid over PEGDA, as shown in eq 1:

m
—IL % 100%
MpEGDA

W, =
1L (1)
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Scheme 1. Schematic Representation of the Two-Stage Procedure for Preparing the Cross-Linked TAEA-PEGDA Membrane
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Figure 2. (A) FT-IR spectra, (B) DSC curves, (C) TGA results of PEGDA, TAEA and TAEA-PEGDA membranes, and (D) gas permeation results
of TAEA-PEGDA membranes prepared by PEGDA of different MWs (250, 575, and 700 g/mol) with the same N—H/acrylate ratio of 1:6.

In this work, the cross-linked PEG membranes are systemati-
cally designated as “TAEA-PEGDA XX-X-X" according to the
ratio of amine-containing cross-linker (TAEA) to acrylate-
terminated monomer (PEGDA with a molecular weight of XX
g/mol). For example, the TAEA-PEGDA 700-1-6 membrane
consists of TAEA and PEGDA (MW 700 g/mol) with one N—
H bond from TAEA and six acrylate groups from PEGDA 700.
2.3. Characterization. A Thermo Nicolet Nexus Fourier-
transform infrared spectrometer (FT-IR, Oslo, Norway) with
an attenuated total reflectance (ATR) cell equipped with a
diamond crystal was used to collect the FT-IR spectra for all
the membranes. Spectra were averaged over 16 scans at a
wavenumber resolution of 4 cm™' in the range 650—4000
cm™". Small membrane samples were employed for FTIR tests,
and at least two spectra were collected for each membrane for
the reproducibility and the uniformity of the membranes.
The thermal stability of the membranes was interrogated by
thermogravimetric analysis (TGA) performed on a Thermal
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Scientific Q500 instrument. Approximately 10—20 mg samples
were heated in a ceramic crucible from 25 to 700 °C at a
constant heating rate of 10 °C/min under N, to prevent
thermo-oxidative degradation of the samples.

A differential scanning calorimeter (DSC, DSC 214 Polyma,
NETZSCH-Geritebau GmbH, Germany) was used to
investigate the phase transition behavior of all membranes.
Samples with around 10 mg were collected in a standard
aluminum pan covered by a fitting lid and heated at the rate of
10 °C/min under a N, atmosphere. Two cycles have been
applied for the DSC tests, and the curves from the second
cooling run are used for further analysis.

The crystallinity of all membrane samples was examined by
X-ray diffraction analysis (XRD) using a Bruker D8 A2S
DaVinci X-ray diffractometer (Cambridge, UK). The XRD
patterns were recorded from 5° to 70°.

2.4. Gas Permeation Test. The gas permeability (P) of
both CO, and N, through the membranes was measured by

DOI: 10.1021/acs.iecr.9b00241
Ind. Eng. Chem. Res. 2019, 58, 5261-5268



Industrial & Engineering Chemistry Research

A

Heat flow (mW)

B0 40 20

Temperature (°C)

80

60

T T T T T 80
—=— P(CO,)
- >
| * —e— Selectivity 170 &
< e leo @
/ \ 69 )
- i —a %)
e 150 Eéw
i o
d40 O
1 1 30

B 16 14
N-H/ acrylate ratio (mol)

0:1 1:2

Figure 3. (A) DSC results and (B) gas permeation results of TAEA-PEGDA 700 membranes of different N—H/acrylate ratios.

the constant-volume variable-pressure method, which can be
calculated based on eq 2:

dt t—o00 dt t—leak (2)

where py and p, identify the downstream and upstream gas
pressures, respectively, and t is time. Here, Vy is the
downstream volume, A corresponds to the effective perme-
ation area of the membrane, R is the universal gas constant, T
denotes absolute temperature, and | is the membrane
thickness. The leakage rate of the gas permeation setup
(dpa/dt), e Was measured from the increase in pressure
relative to a vacuum over time. Membrane thicknesses were
measured by an ABS Digimatic Indicator (Mitutoyo, Japan).
The thicknesses were averaged from more than 10 measure-
ments for each membrane after permeation tests. All gas
permeation experiments were performed using an upstream
pressure of 2 bar (absolute) at room temperature. For each
membrane, the reported permeabilities were the average of
measurements acquired from at least two specimens. The ideal
CO,/N, selectivity was calculated from the ratio of gas
permeabilities in accord with

\4 1
ART p —p,

j (3)

3. RESULTS AND DISCUSSION

3.1. Effect of PEGDA Molecular Weight. In this work,
the effect of the length, or more precisely, MW, of the
monomer PEGDA was systematically investigated. PEGDA of
three different MWs (250, 575 and 700 g/mol) has been
employed to fabricate the membranes with dual cross-linking
networks based on the aza-Michael reaction and the
homopolymerization of excess acrylate, as shown in Scheme
1. It is worth mentioning that the MW of PEGDA is limited to
<1000 g/mol to reduce the formation of the crystalline phases.
FI-TR analysis was employed to examine the monomers
(PEGDA and TAEA), the product of the aza-Michael reaction
(the mixture of PEGDA and TAEA with excess PEGDA), and
the formed membranes (the ratio of N—H/acrylate is 1:6) to
confirm the two above-mentioned reactions. As can be seen in
Figure 2A, the peaks related to amine groups (~3366 and 3265
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cm™") disappear after mixing, and the peaks corresponding to
acrylate (1635 and 1407 cm™") clearly show a reduced trend.
These results imply that the amine and part of the acrylate
react (aza-Michael addition) and form an N—H/acrylate cross-
linking network because of the multifunctionalized TAEA.
After UV irradiation, however, the remaining acrylate is hardly
observed in all spectra of the formed membranes, regardless of
the MW of the used PEGDA, due to the homopolymerization
of acrylate, which is known for the ability to build cross-linking
networks. Therefore, the network built by acrylate homo-
polymerization as well as the interpenetrating structures inside
the resultant membranes can be confirmed.

According to the characterization results, it is clear that the
PEGDA MW affects the properties of the resultant polymers.
From the FT-IR spectra, the peak intensity of ether groups
(around 1100 cm™") increases significantly with the increasing
MW of PEGDA, which is reasonable since longer PEGDA
contains more EO units. Figure 2B shows that the glass
transition temperature (Tg) of the resultant membranes
decreases largely with the increasing PEGDA MW due to
the longer and more flexible polymer chains in the cross-linked
membranes. The T, of the membranes with PEGDA 250 is not
observed in this work, which may be because of the highly
restricted polymer chains caused by the high cross-linking
density. Moreover, as shown in Figure 2C, membranes
containing long PEGDA chains (PEGDA $7S and 700)
possess good thermal stability with one-step decomposition
starting at ~360 °C, while the membrane with PEGDA 250
has the two-stage decomposition behavior, and the first
decomposition begins at ~200 °C due to the unreacted
monomers. The reactions involving the short PEGDA chains
(PEGDA 250) are incredibly rapid, forming a highly cross-
linked polymer network that may block the further diffusion of
the monomer PEGDA 250, and thus some PEGDA 250 may
stay as free monomer or form oligomers inside the polymer
matrix.

The CO, and N, permeabilities of the resultant membranes
were measured by single gas permeation tests, and the CO,/N,
ideal selectivity was calculated, as presented in Figure 2D. It is
worth mentioning that the errors of the CO, permeability are
very low (in most cases <5% of the average value); hence, the
error bars are almost invisible in Figure 2C. Detailed
permeation data can be found in Table SI1. As expected, the
CO, permeability increases significantly (from 0.6 to 85.0
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Barrer) with the increasing MW of PEGDA, consistent with
the characterization analysis regarding the increasing free
volume and CO, affinity of the membrane materials with the
increment in PEGDA MW. In addition, the increasing distance
between the two cross-linking sites, because of the longer
PEGDA monomer, results in looser cross-linking networks
(lower cross-linking density), leading to a more permeable
membrane. Furthermore, the increasing ether content in the
membrane from longer PEGDA monomers provides enhanced
CO, affinity of the membrane and thus the improved CO,
transport properties. These CO, permeation results are in
agreement with Patel’s work.” The CO,/N, ideal selectivity
also obtains a notable increment (from 48.3 to 63.5), which is
similar to the reported value of PEG-based material in the
literature.”™* The increase in the CO,/N, selectivity is believed
contributed by the more ethylene units in the membrane
matrix, as shown in the FT-IR results. Therefore, PEGDA 700
is chosen as the reactant monomer for further investigation.

3.2. Effect of N—H/Acrylate Ratio. The chemistry nature
and the cross-linking density of the resultant membranes are
tunable through changing the composition of the dual cross-
linking networks (presented by the N—H bond/acrylate group
ratio).””** A higher N—H/acrylate ratio (N—H bond in TAEA
to the acrylate in PEGDA) in the reactants implies that more
TAEA will react with PEGDA, and then less PEGDA will be
left for the homopolymerization step. Therefore, the effects of
the N—H/acrylate ratio are investigated with regard to the
network structure and thus membrane properties.

DSC, TGA, XRD, FI-IR, and gas permeation tests were
performed to investigate the effects of the N—H/acrylate ratio
on various properties of the resultant PEG-based polymers of
interpenetrating networks from PEGDA700. Figure 3A
presents the DSC curves of different N—H/acrylate ratios.
As it can be seen, the T, decreases with the increasing N—H/
acrylate ratio, indicating enhanced chain mobility of the cross-
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linked polymers with increasing N—H/acrylate ratio. In
addition, the TGA analysis (Figure S1) shows that all
TAEA-PEGDA700 membranes display sufficient thermal
stability (Typee > 200 °C) for most of the CO, separation
applications. Most importantly, the XRD results (Figure S2)
suggest that the interpenetrating networks are amorphous
according to the broad XRD peaks (around 21°) at all studied
N—H/acrylate ratios, confirming that the tendency to become
highly crystalline in PEG polymer has been suppressed. The
FT-IR spectra of the membranes of different N—H/acrylate
ratios are given in Figure S3. A higher N—H/acrylate ratio
means more C—N and fewer C—C bonds, which should be
able to examine by FT-IR. However, the C—N has a similar
frequency with C—C bonds in all cases. The FT-IR spectra of
all TAEA-PEGDA 700 membranes are nearly identical despite
the different N—H/acrylate ratio. Nevertheless, at all N—H/
acrylate ratios, all amine and acrylate disappear in the FT-IR
spectra of the membranes (Figure S3), suggesting that both
groups have fully reacted either in the aza-Michael reaction or
in the acrylate homopolymerization step.

The effect of N—H/acrylate ratio on CO, separation
performance of the resultant membranes has been evaluated,
and the results are shown in Figure 3B. The CO, permeability
increases from 76.5 &+ 1.4 to 85.0 + 0.4 Barrer at the N—H/
acrylate ratio of 1:6 and then maintains at a lower level of
~79.0 Barrer with a higher N—H/acrylate ratio. A similar trend
is also observed in the CO,/N, ideal selectivity: the selectivity
increases from around 54.5 to 65.5 after adding a small amount
of TAEA and then decreases to 57.0 with further increasing
N-—H/acrylate ratio, which is in the same range with the
reported selectivity of PEG-based membranes (40—60).*
Theoretically, different cross-linking networks have different
architecture structures and therefore different gas transport
properties. However, the CO, permeability values of the
membranes with N—H/acrylate of 0:1 and 1:1 are nearly the
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same, suggesting that these two networks have similar CO,
transport properties despite the different network structures
(star-like for the TAEA-PEGDA network and parallel for
pristine cross-linked PEGDA).>® This similar CO, permeation
performance may be due to the rubbery nature of PEG chains
and the same building unit PEGDA in both membranes. It is
evident that the interpenetration of the chains affects the
structure of both networks and results in more free volume for
gas transport, leading to the increased CO, permeability. On
the other hand, the CO,/N, selectivity of these membranes is
not significantly influenced by changing the N—H/acrylate
ratio. Hence, among the range of N—H/acrylate ratios studied
in this work, the TAEA-PEGDA 700 membrane with an N—
H/acrylate ratio of 1:6 was selected for further investigation
due to its highest CO, permeability and higher CO,/N,
selectivity compared with the pristine membrane. It is worth
mentioning that the tertiary amine is the product of the aza-
Michael addition used to build the interpenetrated network in
the resultant membranes, which cannot function as CO,
carriers due to the missing accessible N—H bonds and
especially the absence of water vapor in the current test
conditions.

3.3. IL Blend Membrane. In this work, four conventional
ILs with different anions (i.e., [Bmim][BF,], [Bmim][PF],
[Bmim][TCM] and [Bmim][NTf,]) were incorporated into
the optimized cross-linked PEG-based membranes to study the
influences of the IL addition on the membrane properties and
the CO, separation performance. The FT-IR spectra of the
pristine PEG membrane synthesized in this work and
membranes containing four ILs (80% IL loading) are
presented in Figure 4A, showing clear peaks corresponding
to their respective anions and the imidazole ring ([Bmim]*) in
all blend membranes. The information about related peaks is
given as follows: 1051 cm™! (B—F stretching of [BF,]”), 830
cm™' (P—F stretching of [PF4]7), 2156 cm™ (—C=N
stretching of [TCM]™), 1181 cm™ (C—F stretching of
[NT£,]7) and 1571 cm™ (C—C vibration of the imidazole
ring). It is also observed that the intensities of the peaks
mentioned above are stronger than those related to the
polymer chains in all IL blend membranes, which indicates a
considerably high loading of ILs in the membrane matrix,
suggesting that the cross-linked PEG membranes have the
capability of possessing a high amount of ILs. In addition, with
increasing ILs content, the peaks of ILs become more evident
in the spectra of the blend membranes (Figure S7), suggesting
that the ILs existed in membrane matrix do increase as
expected. Compared with the pristine cross-linked PEGDA
membrane (Figure S6), different decomposition behaviors of
the membranes containing ILs (i.e., starting point of
decomposition and the decomposition rate) were observed,
also indicating the existence of the ILs inside the blend
membranes.

Generally speaking, T, decreases with adding low-
molecular-weight additives into the polymer,®' while a
lower T, usually indicates enhanced gas permeation properties.
The Tgs of the cross-linked PEG membranes incorporated with
four selected ILs have been evaluated by DSC, as shown in
Figure 4B. T,s of the membranes containing [Bmim][BE,],
[Bmim][TCM], and [Bmim][NTf,] decrease with increasing
IL content, indicating more flexible polymeric chains with the
addition of ILs. In addition, the membranes containing
different ILs show distinct values of T, with the same IL
loading (80 wt %): —57.1, —58.9, and —66.9 °C for
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membranes containing [Bmim][BF,], [Bmim][NTf,] and
[Bmim][TCM], respectively, compared with —53.5 °C of
the pristine membrane. This order is consistent with the values
of the neat ILs. Additionally, only one T, can be observed for
each blend membrane, indicating the successful blending of ILs
into the cross-linked PEG matrix. However, the trend of
decreasing in Tj is less obvious in the membranes containing
[Bmim][PF] compared with those containing other ILs, as
shown in Figure S4, despite the much lower T, value of the
neat IL. This difference may be ascribed to the intermolecular
interactions, e.g., hydrogen bonding or Coulombic and van der
Waals interactions between [PF4]~ and PEG polymer chains,
which compensates for the decreasing trend of T after adding
ILs.* Tt is worth mentioning that the melting or crystallinity
peaks of the four pure ILs are not observed in the spectra of
the blend membranes, implying that ILs have been
homogeneously mixed with the polymeric matrix. The
incorporation of ILs into cross-linked PEG membranes also
reduces its original crystallinity, proved by broader and less
sharp peaks in XRD curves (Figure SS).

The gas transport properties of the IL blend membranes
have been measured by single gas permeation tests, and the
results are presented in Figure 4C. The CO, permeabilities of
the membranes with four ILs decrease after adding a small
amount of ILs (e.g, 20 wt %), which may be because ILs
occupy the initial free volume of cross-linked PEG membranes,
resulting in a decreased diffusivity and therefore lower
permeability.*® With more ILs added into the membranes,
the CO, permeability increases with the IL loading except for
[Bmim][PF¢]. For example, the membranes with 80 wt %
[Bmim][TCM] have an ~2-fold increment in CO, perme-
ability (134.2 Barrer) from the membrane with 20 wt % IL
content (65.8 Barrer). Several reasons could be responsible for
the influence of the IL loading. First, the presence of ILs durin;
polymerization may lead to an increase in the free volume'
and thus a higher gas diffusivity. Additionally, gases transport
more easily through IL zone than a solid polymer matrix and
therefore permeate faster with more ILs inside the membranes.
Moreover, the high affinity of ILs toward CO, enhances the
CO, solubility, which also contributes to the increment of the
CO, permeability.

Different ILs have different influences in the gas transport
properties of the membranes. The cross-linked membranes
with the addition of [Bmim][NTf,] and [Bmim][TCM] show
the highest CO, permeability, followed by that with [Bmim]-
[BF,], while the value of the membranes containing [Bmim]-
[PFq] is located at the bottom. The CO, permeability of the
first two series of IL blend membranes is high as expected,
since they are well-known for the good CO, absorption
properties. But the enhancement in CO, permeability by the
two ILs is believed following different mechanisms: the high
affinity of [NTf,]” to CO,, mainly resulting from the plentiful
fluoride atoms in the anion,®" may increase the CO, solubility,
while the low viscosity of [TCM]~ may have less transport
resistance for CO, penetrating and hence an increased
diffusivity.32 For the case of [Bmim][BF,], less fluorination
in the anions leads to a lower van der Waals force between the
anions and CO, and thus a lower CO, solubility and
permeability than [NTf,]”. Unexpectedly, the membranes
containing [PF4]” show a notable decrease in CO,
permeability, even lower than that of the least CO,-philic
compound [BE,]”, which could be related to the interactions
between [PF4]™ ions with the ethylene oxide groups.
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It is worth mentioning that the CO,/N, selectivity of these
four ILs blend membranes decreases with the increasing ILs
loading, as shown in Figure 4D. This result is ascribed to the
relatively lower CO,/N, selectivity of these conventional ILs
(20—30) compared with that of PEG-based materials (40—60).
Therefore, the incorporation of conventional ILs into PEG-
based materials shows lower CO, selectivity. A different order
has been observed for ideal CO,/N, selectivity of the ILs blend
membranes, which is [TCM]~ > [BE,]” > [NTf,]” > [PF]".
The highest selectivity of ILs blend membranes (45.9) comes
from the high intrinsic CO,/N, selectivity of cyanide-based
anions, which is larger than that of the fluorinated ones,>>**
and the more fluoro groups ILs possess, the higher the N,
permeability and thus the lower CO,/N, selectivity mem-
branes have.** Hence, the membrane with [BF,]™ has a higher
selectivity than that with [NTf,]7, and the interactions
between [PF¢]~ and polymeric matrix results in the lowest
selectivity.

4. CONCLUSION

In this work, four conventional ILs were incorporated in PEG-
based membranes with interpenetrating networks based on
aza-Michael addition and acrylate homopolymerization. The
study of the effect of the monomer PEGDA’s MW on the
material properties and CO, separation performance shows
that longer PEGDA leads to better thermal stability and gas
transport properties. The CO, permeability was around a 144-
time increment (from 0.6 to 85.0 Barrer) with a simultaneously
increased CO,/N, selectivity (from 48.3 to 63.5) when longer
PEGDA is used (700 g/mol) instead of the short one (250 g/
mol). The improvement in the CO, separation performance of
the membranes is found from the outcome of the increasing
numbers of ethylene oxide units and more flexible polymer
chains inside the membranes.

Membranes with different N—H/acrylate ratios show
different CO, separation performance. The CO, permeability
increases and then decreases with the increasing N—H/acrylate
ratio. The membrane with the best CO, separation perform-
ance is the one with a N—H/acrylate ratio of 1:6.

The incorporation of ILs improves the gas transport
properties of the cross-linked PEG-based membranes by the
enhanced CO, affinity from ILs. The CO, permeability of the
membrane changes with the addition of ILs and the changes
depend on the content of ILs, which decreases with ILs
addition at low loading (<20 wt %) and then increases with the
increasing ILs content. The addition of more CO,-philic ILs
leads to a higher CO, permeability in the order [Bmim][NTf,]
~ [Bmim][TCM] > [Bmim][BF,]. The further addition of
[Bmim][PF] into the membrane displays no increase in CO,
permeation, hence, the CO, permeability stays at a lower level
compared with that of the pristine membrane. However, with a
large increase in CO, permeability, a constant decrement in
CO,/N, selectivity was observed. The more CO,-philic ILs,
such as amine-functionalized ILs, may endow better CO,
separation performance with higher CO, permeability and
selectivity due to the higher CO, affinity, which may be further
studied.
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ABSTRACT

Polyethylene glycol (PEG)-based membranes have obtained considerable attentions for CO; separation
for their promising CO separation performance and excellent thermal/chemical resistance. In this
work, a one-pot thiol-ene/epoxy reaction was used to prepare cross-linked PEG-based and PEG/ionic
liquids (ILs) blend membranes. Four ILs of the same cation [Bmim]* with different anions ([BF4], [PFs],
[NTf,], and [TCM]) were chosen as the additives. The chemical structure, thermal properties,

hydrophilicity and permeation performance of the resultant membranes were investigated to study
the ILs’ effects. An increment in CO, permeability (~¥34%) was obtained by optimizing monomer ratios
and thus the cross-linking network structures. Adding ILs into optimized PEG matrix shows distinct
influence in CO, separation performance depending on the anions’ types, due to the different CO,
affinity and compatibility with PEG matrix. Among these ILs, [Bmim][NTf,] was found the most effective
in enhancing CO; transport by simultaneously increasing the solubility and diffusivity of CO».

KEYWORDS: Epoxy resin; thiol click; cross-linked poly(ethylene glycol); ionic liquids; CO, separation

INTRODUCTION

Epoxy resins, or called polyepoxides, are a class
of polymers formed by monomers or oligomers
containing epoxy groups,® usually with the
presence of cross-linkers, such as amines. The
excellent chemical and thermal resistance, good
mechanical properties and notable adhesion of
epoxy resins allow them to play important roles
in various industrial applications, such as coating,
reinforcement,>®> and adhesives *’ Recently,
several groups have expanded these materials to
gas separation, especially as CO, separation
membranes, thanks to the facile and rapid cross-
linking, tunable chemical structure and the
presence of secondary amines. ! In addition,
the used epoxy monomers are mainly focused on
polyethylene glycol (PEG)-based materials,
which have been considered as one of the most

promising materials to overcome the trade-off
between gas permeability and selectivity of the
polymeric membranes,*? due to the high CO;
solubility and solubility selectivity. >

A series of cross-linked PEG membranes based
on the epoxy-amine reaction for CO, capture
have been reported.®>?! Thanks to the CO,-
philic ethylene oxide (EO) units, the CO;
permeability of the neat cross-linked PEG
membranes reaches 180 Barrer with high
COy/light gas selectivity.® Compared with the
PEG membranes formed by the classical acrylate
homopolymerization, membranes prepared by
using the epoxy-amine reaction exhibit around
60% higher CO, permeability, **> due probably to
the more flexible cross-linking network. Similarly,
Patil  and coworkers employed diamine
Jeffamine and a low-molecular-weight epoxy



monomer (145 g/mol) to prepare PEG-based
membranes with promising CO, separation
performance. Further analysis found out that
higher gas permeability can be obtained by
decreasing cross-linking density (increased
diffusivity), which can be accomplished by
increasing the monomer length, %2 or adding
low-molecular-weight CO»-philic additives into
the cross-linked membranes. In the first case,
however, due to the highly crystalline trend
between long PEG chains, the maximum
monomer molecular weight is suggested to be
limited within ~ 1000 to 1500 g/mol. ¥*?3%4 The
increased monomer molecular weight seriously
hinders the cross-linking reactivity, therefore
higher reaction temperature or longer reaction
time is required. For examples, Lu et al. used the
three-stage curing method involving a pre-cured
stage at 80 °C for 3 h, followed by another 2 h at
100 °C and lastly 0.5 h at 120 °C. & Even with low-
molecular-weight amine functionlization cross-
linkers, the prepartion was still complicated
compared to other cross-linking mechanisms,
16,25 like the UV-induced acrylate
homopolymerzation.

Physically blending with low-molecular-weight
additives is another widely-used approach to
enhance the gas transport properties of PEG-
based membranes. With the presence of the
liquid additives, the concentration of reactive
functional groups inside monomer mixture is
further diluted, which increases the difficulty to
complete the reaction. To address this issue,
Shao et al. employed a two-step method to
incorporate free-PEG into the cross-linked PEG
membranes, where the PEG membranes were
prepared via a thermal-induced epoxy-amine
reaction, then the membranes were immersed
into aqueous PEG solution to obtain the PEG-
imbedded membranes.'>?> A CO, permeability of
up to 1301 Barrer has been reported

accompanied with a CO,/H; selectivity of 13 after
imbedding free PEG into the cross-linked PEG
membranes, which makes it very promising for
various CO separation applications. However,
the  multi-stage  membrane  preparation
procedure is rather time-consuming, at least 4
days was used to obtain one batch of
membranes. Besides, the amount of free liquid
additives inside membranes may not be
controlled precisely, making it challenging for
the membrane up-scaling and industrial
applications.
preparation method is of great importance to
promote the industrial potential of the PEG-
based membranes.

Moreover fast membrane

Thiol-epoxy is well-known for its more
controllable cross-linking density, high reaction
rate, and moderate reaction condition. 2?7 In
this work, a one-pot synthesis method using
thiol-epoxy reaction was developed to fabricate
cross-linked PEG-based membranes with the
presence of ionic liquids (ILs) as liquid additives.
Another classical thiol-click reaction, thiol-ene,
was also used to study the effects of the cross-
linking reactions. lonic liquids, the salt containing
organic cation and inorganic/organic anion,
which usually have a melting point lower than
100 °C, have been well accepted as membrane
additives to improve the CO, permeation
properties for the high CO, solubility. Various
studies have incorporated highly CO»-philic “free”
ILs into polymeric membranes, and the results
shows that the presence of ILs greatly enhances
the CO, separation performance of highly
crystallized polymers or cross-linked polymers,
such as poly(ionic liquids) % or PEG-based
polymers 242°32 |n addition, the numberless
combinations of various anions and cations and
ILs’ negligible vapor pressure offers the great
opportunity for further improvement and
excellent long-term stability. 3*3* Therefore,



based on the literature study, the addition of ILs
was taken as an approach to improve the CO,
permeation in the cross-linked membranes. In
order to study the effect of the ILs of different
anions, four ILs in a series with the same cation
[Bmim]*,  1-butyl-3-methylimidazolium), but
different anions were selected and incorporated
into the optimized cross-linked PEG-based
polymeric matrix. Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC)
and water uptake experiments were conducted
to study the chemical structure and evaluate the
thermal properties and hydrophilicity of the
resultant membranes. The CO; and N, transport
properties of the aforementioned membranes
were test to investigate the effect of the cross-
linked network structure and the addition of ILs
in the CO, separation performance.

EXPERIMENTAL

Material
Poly(ethylene glycol) diacrylate (Mn = 700)
(PEGDA), trimethylolpropane tris(3-

mercaptopropionate) (3T), poly(ethylene glycol)
diglycidyl ether (Mn = 500) (PEGDGE) and 1-
Hydroxycyclohexyl phenyl ketone (HCPK) were
purchased from Sigma Aldrich, Steinheim,
1-Butyl-3-methylimidazolium
([Bmim][BFa4]),  1-butyl-3-
methylimidazolium hexafluorophosphate
([Bmim][PF¢]), and 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide
([Bmim][NTf,]) were also obtained from Sigma

Germany.
tetrafluoroborate

Aldrich,  Steinheim, Germany. 1-Butyl-3-
methylimidazolium tricyanomethanide
([Bmim][TCM]) was bought from lolitec,

Germany. The pure gases (N, and CO,) used for
gas separation performance evaluation were
provided by AGA, Trondheim, Norway. All

chemicals were used as received and their
chemical structures are shown in FIGURE 1.
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FIGURE 1. The chemical structure of PEGDA,
PEGDGE 3T and four ILs used in this work

Membrane preparation

Membranes were fabricated by a cross-linking
method similar with those in literatures 2>3°
(FIGURE 2). A brief description is presented
below to the readers’ convenience: PEGDA,
PEGDGE, equivalent cross-linker 3T (mole ratio),

a calculated amount of ILs, and 0.01-0.1w.t. %

HCPK were mixed in a glass vial for a few minutes.

The content of ILs wy (%) is calculated based on
the mass ratio of IL to the total membrane mass
in equation (1):

myy,

Wi, =
MpgGpGe T Mpegpa + Myt + My,

(€Y
The well-mixed membrane solution was
transferred into a vacuum oven to remove the
bubbles. After that, the solution was sandwiched
between two quartz plates separated by a spacer
to control the thickness of membranes (~ 200
pum). UV irradiation with a wavelength of 365 nm
(UVLS-28, Ultra-Violet Products Ltd., Cambridge,
UK) was then applied to the membrane solution.
To ensure a complete reaction, the time of UV



cross-linking is set as 1 h. The resultant self-
standing membranes were obtained for further
characterization and permeation test.

In this work, all membranes without ILs are
systematically named according to the mole
ratio of three monomers. For example, the “1-
0.25-1.25" presents the membrane with 0.25
mole PEGDGE per 1 mole PEGDA and the 1.25
mol thiol groups, which needs 0.4745 g PEGDGE
and 0.1786 g 3T per gram PEGDA. Then 1.6531 g
IL is required to prepare this membrane with 50
w.t.% ILs.
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FIGURE 2. The cross-linking reactions used in
this work

Characterization

A Thermo Nicolet Nexus FTIR spectrometer
(NicoletTM iSTM 50, Thermo Fisher, Oslo,
Norway) with a smart endurance reflection cell
was used to study the chemical structure of the
resultant membranes and reactants in this work.
All membranes or reactants were scanned in the
range of 650 - 4000 cm™™.

Thermal stabilities of these investigated
membranes were tested by a thermogravimetric
analyzer (TGA, TG 209 F1 Libra, NETZSCH, Selb,
Germany). Around 10-20 mg samples were used
in a typical TGA test, with a temperature range
of 25~ 700 °C and a heating rate of 10 °C/min. N,

is employed to prevent oxidation of samples. In
addition, a differential scanning calorimeter (DSC,
DSC 214 Polyma, NETZSCH, Selb, Germany) was
used to investigate the glass transition
temperature of the resultant membranes and
reactant. Samples of around 10 mg were
collected in a standard aluminum pan covered by
a proper lid and heated at the rate of 10 °C/min
under N; atmosphere.

Water uptake tests of the membrane samples
were employed to evaluate the hydrophilicity of
membranes. To completely remove the moisture,
all membrane samples were vacuumed at 40 °C
overnight. Dried samples with known weights
were placed in a water desiccator at room
temperature. The weights of these membrane
samples were measured with a certain interval
until they were stabilized. The water uptake
(WhH20) was calculated using equation 2:

Wi — Wy

Wizo = x 100% )

0
where ws and wp are the weight of the wet
sample and dried sample, respectively.

Gas permeation test

Gas permeation tests were conducted at room
temperature with a feed pressure of 2 bar to
evaluate the CO, and N, transport properties by
the constant-volume variable-pressure method.
The permeability (P) of CO, or N, were calculated
by equation 3.

P= [(%)Hw - (%)MJ Avﬁﬁ ®

where P is the permeability, p4 and p,, represent
the downstream and upstream pressure,
respectively, t refers to the time, V; is the
downstream volume, A means the effective
permeation area of the membrane, R and T are
the ideal gas constant and temperature, and / is



the thickness of the membrane, respectively.

The leakage rate dpd/dt was measured by
isolating the membrane cell at vacuum condition
with air for a certain period. The thicknesses of
all membranes were measured by an ABS
Digimatic Indicator from Mitutoyo (Suzhou,
China). The average thicknesses were given
based on more than 10 measurements for each
membrane. The permeability was the average
values obtained based on, at least, 2 samples
with a relative error of less than 10%.

The ideal selectivity aco,/n, was calculated using
equation 4:
PCO
0co, /N, = P—z (€))
Ny
Furthermore, the diffusivity (D) was determined
by the time-lag (8) method from the single gas
permeation test, and the calculation equation is
shown below:

D=— (5)

The solubility (S) was calculated by the
permeability (P) and the diffusivity (D) based on
the solution-diffusion mechanism:

(6)

S_P
"D

RESULTS AND DISCUSSION
Membrane preparation

Self-standing cross-linked PEGDA-PEGDGE-3T
membranes were obtained after 1 hour UV
irradiation. The four different ILs ([Bmim][PFe],
[Bmim][TCM], [Bmim][NTf,], and [Bmim][BF4],
and the resultant membranes were also well
formed, except the one containing [Bmim][BFa]
(as shown in FIGURE 3). The mixture containing
[Bmim][BF4] gels rapidly (< 10 mins) under

atmospheric condition, even without the
presence of UV or photo-initiator, suggesting
that the [BFs]" anion probably accelerates or
catalyzes either thiol-ene or thiol-epoxy reaction.
Since this gelation is too fast to prepare a proper
membrane, the containing
[Bmim][BF4] was not further characterized.

membrane

Without Ls [BmimjPFy [Bmimj[TCM] [Bmim|INTE] EminBFY
iy Il uviradiation I} a [
) e

FIGURE 3. The pre-polymer mixture and the
formed membranes of PEGDA-PEGDGE-3T
membrane (1-0.25-1.25), and the blend
membranes with ILs.

Material properties

The FTIR analysis was employed to confirm the
thiol-ene and thiol-epoxy reactions between
PEGDA, PEGDGE and the cross-linker. The
spectra of cross-linker, PEGDA and the resultant
membrane (1-0-1) are presented in FIGURE 4 (A).
The reactive thiol (2570 cm™for S-H) and acrylate
groups (1630 cm™ for C=C, 1410 and 830 cm™ for
H-C=) are clear in the spectra of cross-linker and
PEGDA, respectively, but all of them disappear in
the spectra of the resultant membranes. After
the reaction, the peaks assigned to C-S bond
shifts to the right side (1144 cm™ to 1100 cm™),
which is in agreement to the literature.®® In
addition, the other peak of PEGDA at around 850
cm™ becomes boarder and bigger in the resulted
membranes , which may be overlapped with the
peak related with the newly formed C-S bond. %’
These results suggest that the acrylate reacts
with thiol and forms C-S groups under the
experiment conditions, confirming  the
completion of the thiol-ene reaction. On the




other hand, in addition to the change of acrylate
and thiol groups, the peak for epoxy (~ 904 cm™)
has also disappeared in all PEGDA-PEGDGE-3T
membranes, suggesting that the epoxy groups
are consumed by the thiol groups, which is the
only possible reactant in the system. Considering
that the newly formed bonds in thiol-ene and
thiol-epoxy are exactly the same, to distinguish
between them via FTIR spectra is impossible and
unnecessary. Hence, the membranes with
different PEGDGE/PEGDA ratio have identical
spectra, as present in FIGURE 4. (C).

Since three different ILs have been embedded
into the cross-linked PEG membranes, the states
of ILs inside the membranes may be different,
which influence the membrane properties and
separation performance. The membranes with
ILs were characterized by FTIR analysis, taking
membranes containing 50% IL as samples, as
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shown in FIGURE 4 (D). The FTIR spectra of the
pristine membrane without ILs and the neat ILs
are also given as a comparison. The ILs used in
this work have the same cation [Bmim]* (1-butyl-
3-methylimidazolium), which has characteristic
peaks around 1570 cm™ and 1460 cm™ relating to
imidazolium ring. 38 These two peaks are evident
in the resultant membranes with different
anions. The peaks of anions are also observed in
the corresponding membranes at 832 cm™ (PF¢
asymmetric stretch), 1059 cm™ (S=0 bending),
and 1200-1130 cm™ (C—F stretching) of NTf, 3
and 2165 cm™ of TCM", 3° confirming that the
added ILs are embedded in the cross-linked PEG
matrix. Moreover, no new peaks are found in the
FTIR spectra of the blend membranes, indicating
that these three ILs do not have any chemical
reactions with the PEG-based monomers or the
resultant polymer matrix. ILs only work as a
physical additive in the investigated membranes.
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FIGURE 4. The FTIR spectrum of (A) 3T, PEGDA and PEGDA-PEGDGE-3T (1-0-1) membranes, (B) PEGDA,
PEGDGE, 3T and PEGDA-PEGDGE-3T membranes with a different ratio at 1000 — 800 cm-1, (C) PEGDA-



PEGDGE-3T membranes with a different ratio, and (D) membrane without ILs, membrane with 50% ILs
and the pure ILs.

The thermal stabilities of all resultant
membranes in this work were studied by TGA, as
shown in FIGURE 5. The PEGDA-3T (1-0-1)
membrane shows a one-stage decomposition
behavior, starting at 320 °C, while the
membranes containing PEGDGE decompose at a
lower temperature, and the more PEGDGE it
contains, the more easily it decomposes. For the
membrane containing the highest amount of

PEGDGE (1-0.75-1.75), a two-stage
decomposition behavior is observed; the first
decomposition begins at 155 °C and the second
one appears at around 300 °C, as can be seen in
the insertin FIGURE 5 (A). The weight loss during
the first stage is up to 5 w.t.%, which may be a
small amount of unreacted PEGDGE due to the
less reactive thiol-epoxy under experimental
conditions in this work.
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FIGURE 4. The thermal stabilities of cross-linked PEG membranes with different PEGDA/PEGDGE ratio
(A), [Bmim][PFg]-containing blend membranes (B), [Bmim][TCM]-containing blend membranes (C) and
the [Bmim][NTf,]-containing blend membranes (D) with different IL loading.

The thermal stabilities of the optimized cross-
linked PEG membranes (represented by 1-0.25-
1.25), three IL-containing blend membranes and
the corresponding ILs are displayed in FIGURE 5
(B)-(D). Interestingly, although pure ILs and
cross-linked PEG membranes start decomposing

around 300 °C, all the blend membranes
decompose at a lower temperature (around 270

°C). The reason may be ascribed to the weakened
hydrogen bonding between PEG polymer chains

814 due to the presence of ILs inside the
membranes. The [Bmim][PF¢]-containing



membranes have one-stage decomposition
curves, probably due to the strong interactions
between [Bmim][PFs] and polymeric matrix at
high temperature conditions. Differently, the
blend membranes composing [Bmim][TCM] also
have similar decomposition behavior but with a
slower decomposition rate, and that is because
of the overlapping decomposition temperature
range of their parents. On the other hand, the
decomposition curves of the membrane with
[Bmim][NTf,] are close to that of [Bmim][NTf,] at
high temperature (> 430 °C), especially for those
with higher IL loading, proving the existence of
[Bmim][NTf,]. These results show that the
membranes containing PEGDGE may not be
suitable for a high-temperature process (> 150
°C). Generally, most CO, separation membrane
processes are operated at a temperature range
of up to 80 °C, so these resultant membranes
have satisfactory thermal stabilities for this
application.

As the glass transition temperature of polymers
(Tg) is the temperature polymer chains change
from “restricted” to “flexible”, for gas separation,
a lower Tg of a membrane generally indicates a
higher gas permeation property. To investigate
the effect of the IL addition on Tg of the resultant
membranes, a DSC analysis was conducted. The
obtained curves are shown in FIGURE 6, and the
Tgs were presented in TABLE 1.

Despite the nearly identical FTIR spectra of all
the cross-linked PEGDA-PEGDGE-3T membranes,
the Tgs of these membranes show a clear
difference, which decreases with the increasing
PEGDGE content, implying that the cross-linked
network structures of these membranes may be
different. As for the one containing [Bmim][PFs],
Tes of the blend membranes show no evident

difference regardless of the much lower T, of the
neat IL [Bmim][PFe], which may result from the
interaction of [Bmim][PF¢] with PEG-based
polymer chains. Another reason may be that the
presence of [Bmim][PFs] has little effect on the
T, of matrix, and similar results have been
reported in literature. 2% On the other hand,
the blend membranes with [Bmim][TCM] or
[Bmim][NTf,] display a decreasing trend of T,
with the increasing IL loading, possibly due to the
lower value of these two ILs and the increasing
chain movement with the presence of ILs. The
decrease in Tg may imply an enhanced polymer
chain flexibility and thus improved gas transport
properties.

DSC curves can also indicate the miscibility of
components in blend membranes. From FIGURE
6, it is clear that, in the blend membranes with
[Bmim][PF¢], the melting and crystallization
peaks of the IL disappear, suggesting that the
[Bmim][PFs] has homogeneously dispersed
within the cross-linked PEG polymeric matrix. On
the contrary, these peaks are visible in the DSC
curves of the blend membranes containing
[Bmim][NTf,], which suggests the formation of a
[Bmim][NTf,] phase in the cross-linked PEG
matrix. The hydrophobic feature of [Bmim][NTf,]
may have induced a phase separation with the
hydrophilic PEG-based polymer chains as
reported in the literature. ** Nevertheless, the ILs
domain regions have been reported to have a
positive effect on gas transport properties; *
hence the cross-linked PEG membrane
integrated with [Bmim][NTf,] may still be
interesting for gas separation. In the case of
[Bmim][TCM], neither the melting and
crystallization peaks of pure IL nor its analogy
blend membranes are observed.
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FIGURE 5. The DSC curves of cross-linked PEG membranes with different PEGDA/PEGDGE ratio (A),
[Bmim][PF¢]-containing blend membranes (B), [Bmim][NTf,]-containing blend membranes (C) and the
[Bmim][TCM]-containing blend membranes (D) with different IL loading

TABLE 1. The T; of membranes presented in the FIGURE 6.

Membranes T, (°C) Membranes T, (°C)

1-0-1 -44.7 16.7% [Bmim][TCM] -48.3
1-0.25-1.25 -49.8 28.6% [Bmim][TCM] -51.6
1-0.5-1.5 -53.4 37.5% [Bmim][TCM] -53.3
1-0.75-1.75 -55.7 44.4% [Bmim][TCM] -55.2
[Bmim][PF¢]-containing Membranes 50% [Bmim][TCM] -57.6
0% [Bmim][PFe] -49.8 Pure [Bmim][TCM] -84.3

16.7% [Bmim][PFs] -45.5 [Bmim][TCM]-containing Membranes
28.6% [Bmim][PF¢] -46.6 0% [Bmim][NTf3] -49.8
37.5% [Bmim][PFe] -45.2 16.7% [Bmim][NT,] -48.2
44.4% [Bmim][PFs] -46.6 28.6% [Bmim][NTf;] -49.5
50% [Bmim][PFe] -48.9 37.5% [Bmim][NTf] -52.4
Pure [Bmim][PFs] -75.9 44.4% [Bmim][NTf;] -55.7
[Bmim][TCM]-containing Membranes 50% [Bmim][NTf;] -58.2
0% [Bmim][TCM] -49.8 Pure [Bmim][NTf;] -87.5




The water uptake experiments were conducted

at room temperature for all resultant
membranes. The weight gains of the membrane
samples with time are presented in FIGURE 7. It
is clear that all cross-linked PEGDA-PEGDGE-3T
membranes have water uptakes of around 40
w.t.%, and the PEGDGE/PEGDA ratio seems not
to display a significant effect on the material
hydrophilicity. Considering that both monomers
are PEG-based materials, it is reasonable to
assume that the resultant networks have similar

hydrophilicity.

However, the blend membranes containing
different ILs present a different water uptake
and generally, decrease with the increasing IL

[o2]
o

amount, especially at the low IL loading range.
FIGURE 7 B-D presents the water uptake of
various IL contents in the cross-linked membrane
(1-0.25-1.25). As it can be seen, when the ILs
amount is over 37.5 w.t.%, the change of the
water uptake becomes nearly negligible. Since
the ILs used in this work are more hydrophobic
compared with the PEG-based materials, the
initial trend of declining in water uptake is
expected. When the loading of ILs inside
membranes reaches a certain level (>37.5 w.t.%),
the apparent hydrophilicities of the membranes
reduce to the intrinsic values of the ILs; hence
the water uptake of the membranes remains
nearly constant with the further increase of the
IL amount.
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FIGURE 6. The water uptake of cross-linked PEG membranes with different PEGDA/PEGDGE ratio (A),
[Bmim][PFg]-containing blend membranes (B), [Bmim][TCM]-containing blend membranes (C) and the
[Bmim][NTf;]-containing blend membranes (D) with different IL loading.

Based on the chemical structures, the
hydrophilicities of the studied ionic liquids

should be different and follow the order: TCM" >

10

PFe >NTf,. The water uptake of the blend
membranes follows the same order as the neat

ILs, as can be seen in FIGURE 7. The



[Bmim][TCM]-containing membranes have the
highest water uptake of around 30 w.t.%, and
those containing [Bmim][PFs] have around 10
w.t.%, the addition of
[Bmim][NTf,] present only 6 w.t.%. Therefore,
despite the hydrophilic nature of the cross-
linked PEG polymer, membranes containing the

and those with

ILs become less hydrophilic.

Gas permeation properties
Effect of PEGDGE addition

The CO, and N, permeation properties of the
PEGDGE-PEGDA-3T membranes were tested by
single gas permeation tests at a feed pressure of
2 bar and room temperature to study the effect
of PEGDGE addition. The CO, permeability, ideal
CO2/N; selectivity, and the gas diffusivity and
solubility of the PEGDGE-PEGDA-3T membranes
with different PEGDGE/PEGDA
presented in FIGURE 8.

ratio are

The CO, permeability increases from 100.3 to
134.2 Barrer with a nearly unchanged CO2/N;
selectivity of around 67 by adding a small
amount of PEGDGE (1-0.25-1.25), which may be
explained by the disturbance of the cross-linked
PEG network due to the addition of the PEGDGE,
leading to a rearranged cross-linking network
and enhanced gas transport properties. The
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increase in diffusivities of CO; and N3 (as shown
in FIGURE 8 (B)) also suggests the increase in the
free volume of the cross-linked PEG membranes.
the COz
diffusivities decrease with the further increasing
PEGDGE/PEGDA ratio. This trend is believed to
be caused by the reduced overall chain length

However, permeabilities and gas

between the cross-linked sites since PEGDGE has
shorter polymer chains (around 8 ethylene oxide
units) compared to those of PEGDA (around 13
ethylene oxide units). On the other hand, the
solubility of CO, and N; in the PEGDGE-PEGDA-
3T membranes are rising with the increasing
PEGDGE/PEGDA ratio, which can be explained by
the similar chemical structure of PEGDGE and
PEGDA, especially the same CO,-philic groups
(ethylene oxide units). Therefore, the cross-
linked networks with higher PEGDGE/PEGDA
ratio become more rigid (less diffusive) with
nearly unaffected CO. solubility. The CO/N;
selectivity slightly decreases with the increasing
amount of PEGDGE in membranes, but the value
(56 - 66) is still reasonably high and within the
range of the inherent selectivity of typical PEG-
based membranes. ® Since the membrane
containing the lowest amount of PEGDGE (1-
0.25-1.25) holds the highest CO, permeability
and CO,/N, selectivity, it is chosen as the
optimized polymeric matrix for further study.
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Effects of IL addition

Gas permeation tests of the cross-linked PEG
membranes (1-0.25-1.25) containing different
ILs were performed to evaluate the effects of IL
addition, as presented in FIGURE 9. It is clearly
seen that ILs with different anions show
distinguishing effects on the gas permeation
properties. At low IL-loading (< 37.5 %), CO2
permeabilities of the IL-blend membranes with
[Bmim][BF4] or [Bmim][TCM] decrease. Based on
the solution-diffusion theory, the permeability is
governed by diffusivity and solubility. From the
diffusivity and solubility results, the reason for
this drop in CO, permeability may be the
decreased diffusivity with increasing IL-loading,
as it is believed that a small amount of ILs
occupies the original void of the pristine
polymeric membrane. *¥*3 The solubility of these
two series of membranes also decreases when
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ratio

16.7 w.t.% IL is added, followed by an unaltered
trend, and it may be because of the relatively
lower CO; solubility of ILs, compared with the
pure PEG-based material. * Interestingly, the
CO, permeability with [Bmim][NTf,] displays a
plateau in the same IL-loading range because of
the much higher CO, solubility of the resultant
membranes than that of others and the offset to
the decrease in diffusivity. The higher CO,
solubility could be explained by the higher CO,
affinity of [NTf,]" (more CO,-philic fluorine atom)
in agreement with the observation of CO,
absorption using ILs as absorbents. #

At higher IL loadings, the changes in P(CO,),
D(CO3) and S(CO,) of the resultant membranes
containing different ILs display distinctive trends.
CO, permeability of the
membranes with [Bmim][PFs] keeps constant
even at a high IL-loading (i.e., 37.5-50 w.t.%), so

For example,



do its diffusivity and solubility, suggesting that
further adding [Bmim][PFs] contributes little to
these properties. On the other hand,
membranes with [Bmim][TCM] or [Bmim][NTf,]
display enhanced CO, permeability at higher IL-
loading. However, the reasons responsible for
these improvements are quite different: for
[Bmim][TCM]-containing  membranes, the
increased CO; solubility (from 3.40x102 to
5.58x102 cm3(STP)cm™3kPa™1) is the major
contributor for the gain in CO, permeability since
the CO, diffusivity remains unchanged. In the
case of membranes with [Bmim][NTf,] (= 37.5

permeability is the product of the
simultaneously increased CO solubility (1.90-
fold) and diffusivity (3.22-fold) compared to the
one containing 37.5 w.t.% [Bmim][NTf,]. The
increased CO; diffusivity is considered as the
benefit of micro-phase separation (shown in DSC
results), leading to more IL-rich micro-zones and
thus lower transport resistance for gas transport.
As a result, the membranes with highest
[Bmim][NTf,] amount have the highest CO;
permeability of 187.9 Barrer in this work
compared to those containing [Bmim][PF¢] (53.7
Barrer) and [Bmim][TCM] (117.7 Barrer).

w.t.% IL loading), the increment in CO,
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FIGURE 8. The CO, permeability (A), CO»/N> selectivity (B), the CO, diffusivity (C) and CO, solubility (D) of
three IL blend membranes with different IL loading.

Hence, the change in CO, permeability of the
blend membrane with different ILs follows
different patterns. Initial adding ILs (< 37.5 w.t.%)
leads to a decrease in CO, diffusivity, while

solubility is affected by the CO; affinity of ILs, and
thus the resulting permeability may be
decreased or unchanged. The further addition of
IL shows little effect on the diffusivity, while with



more additive loading, the influence of ILs in CO>
solubility becomes the key parameter. The most
COz-philic anion ([NTf,]) renders the most
enhanced S(CO,), followed by the [TCM]" (due to
the interaction between cayno-functionalized
anion and CO; ), and the [PF¢]. This order is
agreed with the order of P(CO;) and the

absorption capability of these ILs for CO, capture.

47 1t is worth mentioning that, in case of the
membranes containing [Bmim][NTf,], the micro-
phase separation between [Bmim][NTf;] and
cross-linked PEG chains increases the D(CO>) and
thus enhances P(CO3) more.

In terms of CO, selectivity, all apparent values of
the membranes containing ILs are lower than the
pristine one. For instance, the CO,/N; selectivity
of membranes with 50% IL loading are within 30-
50: [Bmim][NTf,] (34.2), [Bmim][TCM] (46.8) and
[Bmim][PF¢] (38.8), while the pristine membrane
has a CO2/N; selectivity of 67.2. This decrease
may be explained by the relatively low CO2/N;
selectivity of the physical-adsorption ILs (around
20-30) * compared with PEG-based materials
(around 40-60). & Another possible reason is that
ILs may act as the plasticizers in cross-linked PEG
membranes, which could lower CO, selectivity. **
In addition, different anions have distinct effects
on CO,/N; selectivity. Generally speaking, in this
work, the order of CO2/N; selectivity with a low

IL amount (< 37.5%) in membranes is [PFe] =
[TMC] > [NTf,]; with more IL being incorporated,
those containing [TMC]" move to the first in this
order. The positive effects of [TMC]  in CO,
selectivity (mainly due to the
between CO; and cyano) *>® are believed to be
the highest value obtained in this work. The
instinct of its high affinity towards CO; explains
the excellent CO, selectivity in high IL loadings.
[Bmim][PF¢]-containing membranes

interaction

have a
relatively high CO, selectivity, which may be
because that the interaction between [PF¢]” and
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polymeric matrix slows down the decreasing
trend of CO, selectivity. The data in high IL
loading suggest that it may further decrease with
the hand, the
considerable decrease in CO; selectivity of
[Bmim][NTf,] could be caused by the micro-
phase separation of IL and polymeric matrix; gas

increasing IL. On other

mainly passes through the IL zones, leading to
the apparent selectivity close to the values of
pure [Bmim][NTf,] (around 20-30).

CONCLUSIONS

In the present work, cross-linked PEG-based
membranes and PEG/ILs blend membranes were
fabricated using one-pot thiol-ene/epoxy click
chemistry. The cross-linking reactions were
confirmed by FT-IR analysis. The cross-linked
PEG-membrane were systematically evaluated
using various characterization methods. The
monomer ratios were optimized to enhance gas
transport properties. Up to 50 w.t. % of ILs can
be incorporated the PEG/ILs blend
membranes. The anions in ILs have significant
effects in membrane structure and hence the gas
separation performance.
containing [Bmim][NTf,] shows the highest CO,

into

PEG membranes

permeability due to the high CO, affinity of
[NTf,]" anion and the possible micro-separation
in the membranes. On the other hand, the
addition of [Bmim][TCM] is more beneficial for
increasing CO, solubility than diffusivity, while
the [Bmim][PF¢] has a negative influence on both
CO; solubility and diffusivity.

The fabrication of the cross-linked PEG/IL
membranes via the one-pot thiol-ene/epoxy
click chemistry is a facile and fast method. The
pairing of ILs and polymer has significant
influences on the membrane material properties
as well as the CO; separation performance. The
properties of final materials are tunable by
various PEG monomers and ILs, which may be



practical and advantageous for feasible
optimization of the blend membranes. Even the
performance in this work was not greatly
improved by the addition of physical-absorption
ILs in this work, the addition of more CO»-
selective ILs (e.g., a chemical-absorption type of
IL with CO,/N; selectivity of > 40) may be a
promising approach worthy of further research
to promote the CO, permeability and the
selectivity of PEG-based membranes

simultaneously.
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GRAPHICAL ABSTRACT
Jing Deng, Zhongde Dai, Liyuan Deng*
Thiol-click reactions-based Cross-linked PEG /lonic Liquid blended membranes

In this arcticle, a series of cross-linked PEG-based membranes has been developed and optimized based
on two classical thiol-click reactions. In addition, four ionic liquids have been incorporated into the
optimzied membranes to understand their influences on the material properties and gas separation
performance.

Cross-linked PEG network

lonic Liquids
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ABSTRACT: This study first develops a facile method to synthesize zeolitic imidazolate framework cuboid (ZIF-C) nanosheets
with tunable thickness from 70 nm to 170 nm from an aqueous polymer solution. The obtained ZIF-C nanosheets were character-
ized by various techniques, including X-Ray Crystallography (XRD), Scanning Electron Microscope (SEM), Atomic Force Micros-
copy (AFM), Fourier-Transform Infrared (FTIR) Spectroscopy, X-ray Photoelectron Spectroscopy (XPS), N, adsorption and Ther-
mogravimetric analysis (TGA), to understand their compositional and structural properties. The synthesized ZIF-Cs nanosheets
with different thickness were further applied as nanofillers to prepare Pebax-based mixed matrix membranes (MMMs) to study the
effect of the morphology on membrane properties and CO»/N, separation performances under different relative humidity condi-
tions. Results reveal that the incorporation of these ZIF-Cs simultaneously enhances CO» permeability and CO»/N, selectivity in the
mixed matrix membranes. In addition, MMMs with the thickest ZIF-C nanosheet presents better performance. A CO, permeability
of 387.2 Barrer accompanied with a CO»/N; selectivity of 47.1 has been documented, nearly doubled in CO, permeability with

slightly increased selectivity compared with membranes containing thinner nanosheets.

INTRODUCTION

Owing to the intrinsic porous structures, metal—organic
frameworks (MOFs), a class of crystalline materials constitut-
ed of metal ions/clusters linked by organic ligands, have
drawn extensive attentions in diverse fields during the past
decades, such as energy storage, catalysis and separa-
tion/storage.'* The nanoscale caves with tunable sizes (from
angstrom to nanometre range), high surface area and adjusta-
ble surface make them promising as molecular sieving materi-
als to overcome the trade-off relationship® between permeabil-
ity and selectivity of traditional polymeric membranes, which
also known as the Robeson Upper bound.> ®® Therefore,
enormous effort has been devoted to developing new MOFs
and MOF-based membranes aiming for enhanced separation
performances.” !

Incorporating MOFs into polymeric membranes to fabricate
mixed matrix membranes (MMMs) is one of the most studied
approaches considering the combination of the processability
of polymeric substrates and the molecular sieving capability of
MOFs, the advantages from both sides.> '* !> For instance, Bae
et al. reported that the addition of submicrometer zeolitic im-
idazolate framework (ZIF)-90 into 6FDA-DAM realized
around 85% and 61% increment in CO, permeability (from
390 to 720 Barrer) and CO»/CHy selectivity, respectively.'® In
another work reported by Hwang et al., the CO, permeability
benefits an 8.9-fold enhancement (70 to 623 Barrer), with a

slight loss in selectivity.!” This significant gain in CO, per-
meation is contributed by the increased CO, diffusivity from
the hollow structure of fillers, the pore inside ZIF-C crystals,
and the enhanced solubility from the imidazole organic link-
ers.

Despite these greatly improvements, the performances of
the majority of the MMMs are still far below the theoretically
predicted values." * & 321 Among various reasons, the filler
geometry is a crucial factor affecting the interfacial morpholo-
gy between fillers and the polymer matrix.?> Sphere 2 2* is the
most common shape of the fillers used in MMMs. Researchers
have found that the size of fillers has a significant influence on
the final performance of MMMs. As a rule of thumb, MOFs
with smaller sizes have higher external surface areas, and thus,
larger interfacial areas between polymer and nanoparticles can
be anticipated. However, the fabrication of highly crystalline
MOF nanoparticles is thermal-dynamically unfavourable and
technically challenging. On the other hand, the tendency of
agglomeration for small particles is more significant than their
larger analogies, leading to poor filler dispersion.”>?” There-
fore, the optimization of nanoparticle size should be taken into
consideration. Zheng et al. prepared a series of MMMs con-
taining Pebax and ZIF-8 nanoparticles with different sizes (40
— 110 nm) and found out that the larger nanoparticles are pref-
erable for both CO, permeability and CO2/N; selectivity, with
the studied ZIF-8 loadings.?” It is believed that the presence of



larger ZIF-8s in MMMs leads to a higher free volume and thus
higher permeability, and the higher specific surface area of
ZIF-8 nanoparticles benefits the selectivity. Similar results
have been reported in several research works,* 2 but further
increases in particle size may not bring positive results; the
visible sedimentation of particles inside membranes and the
voids between fillers and polymer matrix were observed in
MMMs containing 10 wt.% MIL-53(Al) particles with a size
of3.2 um. 2

Very recently, MOFs with a higher aspect ratio, such as
sheet-, flake-, or platelet-like MOFs, have been considered as
potentially more promising fillers due to the increased permea-
tion resistance for rejected gas (and hence the enhanced sepa-
ration factor) as well as the shortcut path for desired molecules
(and therefore the elevated flux).2" >> 233! However, only lim-
ited literature can be found applying MOF nanosheets in
MMMs for gas separation applications.'® ' 32 Gascon and
co-workers'® synthesized 2D copper 1,4-benzenedicarboxylate
(CuBDC) nanosheets with the thicknesses of 5 — 25 nm and
added them into Matrimid membranes. The resultant MMMs
display an improved CO,/CHj4 selectivity (30 — 80%) com-
pared to the neat polymer. Moreover, the presence of the
nanosheets counteracts the plasticization due mainly to the
superior separation performance of the 2D structure. It is
worth mentioning that the MMMs containing bulk or nano-
crystal CuBDC do not display this enhanced performance.
Under the same conceptual framework, Zhao et al. also found
similar results in membranes comprising of PBI and
[Cua(ndc)a(dabeo)] nanosheets for Ho/CO, separation.’ Wang
and co-workers employed two-dimensional ZIF-L into polyi-
mides; the incorporation of ZIF-L into the membrane greatly
improved both the H, permeability and Ho/CO; selectivity.*!

The above studies have revealed the great potential of
MMMs with lamellar MOFs as nanofillers. Up to now, most
of the MOF nanosheets were prepared via a top-down or bot-
tom-up approach.”’ The top-down method normally refers to
exfoliating lamellar MOF sheets from bulky MOFs by me-
chanical forces (e.g., ultrasonication), while the bottom-up
approach means a direct synthesis of lamellar MOFs to pre-
cisely control the reaction conditions (e.g., adjusting solvents
or employing surfactants). Despite the diversity of synthesis
methods developed for lamellar MOFs, a facile and economi-
cal way of synthesis lamellar MOFs with controllable thick-
ness and morphology is still highly desirable.

Hence, in this work, a simple fabrication method for ZIF
cuboids (ZIF-Cs) nano-sheets was developed for the first time.
The reaction was conducted in an aqueous solution at room
temperature with the presence of poly(vinyl alcohol) (PVA) in
addition to the ZIF precursors (zinc ions and imidazolate lig-
ands). The material properties of the as-synthesized ZIF-Cs
were analyzed by various characterization approaches: Scan-
ning Electron Microscope (SEM), Atomic Force Microscopy
(AFM), Fourier-Transform Infrared (FTIR) Spectroscopy, X-
ray Photoelectron Spectroscopy (XPS), N, adsorption and X-
Ray Crystallography (XRD). Later, these ZIF-Cs were incor-
porated into Pebax 1657 to study their influences on morphol-
ogy, chemistry nature and crystallinity of MMMs. Mixed gas
permeation tests were conducted to reveal the impact of
nanocuboids thicknesses on the CO, separation performance
of resultant MMMs.

EXPERIMENT

MATERIALS

Zn(NOs3)2:6H20 and 2-methylimidazole (Hmim) were purchased
from Sigma, Norway. Poly(vinyl alcohol) (PVA, Mn 30000 — 70000,
72000, and 85000 — 124000 g/mol) were ordered from Sigma, Ger-
many. Pebax 1657 pellets were ordered from Arkema, France. Etha-
nol (96%) was purchased from VWR, Norway. All the chemicals
were used without further treatment.

ZIF-C SYNTHESIS

In brief, PVA was dissolved in DI water at 80 °C with reflux to
prepare 1 wt.% PVA solution. After the solution cooled down to room
temperature, 0.59 g Zn(NOs)2-6H20 and 1.32 g of Hmim were added
into 40 ml PVA solution, respectively. After the Zn(NO3)2:6H20 and
Hmim had been fully dissolved, the two solutions were mixed, and
the reaction was carried out at room temperature for 3 hours. After-
wards, the ZIF-C was separated using a centrifuge with 10000 rpm for
10 mins. Obtained ZIF-C particles were re-dispersed in DI water and
centrifuged two times more to remove the residual PVA. Finally, the
ZIF-C particles were dispersed in DI water to prevent possible aggre-
gation. The ZIF-C content in the dispersion was calculated by drying
0.5g of the dispersion at 40 °C in a vacuum oven for 1 night. Three
PVAs with different molecular weights have been used; hence the
ZIF-Cs prepared from PVA with a molecular weight of XX are de-
fined as “ZIF-C XX”.

MEMBRANE PREPARATION

MMMs were prepared through a knife-casting method similar to
those in the literature.’® Typically, Pebax 1657 was dissolved in
EtOH/H>0O mixture (70/30 vol%) with reflux at 80 °C for ~ 3 hours
with a concentration of 8 wt.%. Pebax solution was mixed with the
desired amount of ZIF-C aqueous dispersion under stirring for at least
6 hours. The mixture was then cast on a glass plate using a casting
knife (PA-4302, BYK-CHEMIE GMBH, Germany) with a wet gap of
~ 600 pm. The cast membrane was then placed in a ventilated oven at
40 °C for at least 6 hours. After the membrane was removed from the
glass plates, it was dried in a vacuum oven at 60 °C for another 6
hours before further characterization.

CHARACTERIZATION

The topography of ZIF-C nanosheets was characterized by an AFM
(Dimension Icon, Bruker) using the ScanAsyst mode. The as-prepared
nanosheets were dispersed in ethanol and dried on cover glasses for
AFM analysis. An SEM (TM3030 tabletop microscope, Hitachi) was
also employed for the morphology study of these ZIF-C nanosheets
and the resultant MMMs. For MMM, cross-section specimens were
obtained by breaking the samples in liquid N2. A sputter coating with
gold (2 mins) was conducted for all samples before SEM characteri-
zation.

The thermal stability tests for the ZIF-C nanosheets and the
MMMs were performed by employing a TGA (TG 209F1 Libra, Ne-
tzsch). Samples with a weight of 10 — 20 mg were used. All samples
were heated from room temperature to 800 °C with a heating rate of
10 °C / min. N2 was used as both protective and sweep gas.

A Tristar II 3020 (Micromeritics Instruments, USA) was used for
N2 sorption isotherms. Before the measurements, ZIF-C samples were
degassed at room temperature overnight with vacuum.

The crystallinity of the prepared nanosheets and MMMs was ana-
lyzed by a Bruker D8 A25 DaVinci X-ray Diffractometer (Bruker)
with characteristic wavelength A=1.54 A (Cu Ka radiation). The scans
were taken in the 20 range from 5° to 75°.

FTIR spectroscopy was performed employing a Thermo Nicolet
Nexus spectrometer. The obtained spectra were an average of 16
scans with wavenumber from 550 cm! to 4000 cm.



X-ray photoelectron spectroscopy (XPS) was performed on a PHI-
560 ESCA (Perkin Elmer) using a nonmonochromatic Mg Ka excita-
tion source at 15 kV. The C 1s peak position was set to 284.6 eV as
an internal standard.

Gas permeation performance of MMMs was conducted using a
mixed-gas permeation setup reported elsewhere.’> 3¢ Feed gas was the
CO2/N: (10/90 vol%) gas mixture, whereas pure CHs was used as the
sweep gas. The water vapor was introduced by humidified feed and
sweep gas, and the humid gases were mixed with dry gases with accu-
rate flow ratio to achieve the desired humidity. All gas permeation
tests were carried out at room temperature with a feed pressure and
sweep pressure of 2.0 and 1.05 bar, respectively. The compositions of
permeate and retentate streams were analyzed by a calibrated gas
chromatograph (490 Micro GC, Agilent) throughout the tests.

The permeability coefficient (Pi) of the ith penetrant species can be
calculated from equation (1):

_ Nperm(l - yHZO)yi &)

A(pi,feed - pi,perm)

where Nperm is the total permeate flow measured by a bubble flow
meter (ml/min), yr20 refers to the molar fraction of the water in the
permeate flow (calculated according to the relative humidity value
and the vapor pressure at the tested temperature), y; is the molar frac-
tion of the gas i in the permeate flow (%), and pijees and piperm stand
out the partial pressures of the gas i in feed and permeate streams,
respectively. In the present work, the gas permeability is expressed in
the unit of Barrer (1 Barrer = 107 cm?(STP)-cm-cm?'s™-cmHg™).
The separation factor was determined from equation (2):
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v4 and yp are the mole ratio of gas A and B in the permeate stream,
while x4 and x5 are the mole ratio of gas A and B in the feed side.

RESULTS AND DISCUSSION
ZIF-C SYNTHESIS AND CHARACTERIZATION

It is well-known that additives, such as small molecules,’’
surfactants,***! or polymers, *** play a very important role on
nanoparticle morphology because of the competition of the
reactants between other reactants and the additives, the adjust-
ed pH, and the restricted regions for crystal growth or selec-
tive absorption.** To investigate the effect of PVA addition on
the formation of ZIF-Cs, the morphologies and material prop-
erties of the as-prepared ZIF-Cs were characterized via various
technics, and the results are shown in Figure 1 and Table S1.
The XRD curves of these ZIF-C generated in PVA solution
have almost identical patterns with the one from H,0,* as
shown in Figure 1 (F), suggesting that the obtained product
has the same crystal structure with the ZIF-L, and the presence
of PVA does not affect the crystal structure. The only differ-
ence between these XRD results is that the ZIF-C 85-124 has
slightly higher intensity, followed by ZIF-72 and ZIF-C 30-70,
indicating its highest crystallinity. N, adsorption results (Fig-
ure S1) show that insignificant pores exist inside these ZIF-
Cs, indicating ZIF-Cs’ non-porous crystal structure similar to
that of the leaf-like ZIF-C. The presence of PVA seems to
have insignificant influence from this respect.
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Figure 1 The morphology of A) ZIF-C 30-70, B) ZIF-C 72 and C) ZIF-C 85-124 nanosheets, and D) FTIR spectra, E) TGA curves and F)

XRD results of ZIF-C nanosheets prepared in PVA solutions.



However, all ZIF-Cs synthesized in PVA solutions display cu-
boid morphology, different from the leaf-like ZIF-L reported by
Wang et al..*® In addition, all these ZIF-Cs have a similar size
compared with their analogue prepared in H,O, except for the
different thickness. For example, the dimensions for ZIF-C 30-70
are 5 pm x 2 pm x 70 nm, as listed in Table S1, while the leaf-
like ZIF-L has the same size but larger thickness (150 nm).*¢
Moreover, the length and width of these cuboid ZIF-Cs are nega-
tively related with the molecular weight of the used PVA, even
though the same concentration was used. On the other hand, with
respect to the thickness, a totally opposite trend is observed that,
the longer PVA chain is used in synthesis solution, the thicker
the ZIF-Cs are (85-124: 170 nm, 72: 120 nm and 30-70: 70 nm).
Moreover, the difference between the thickness of these ZIF-Cs
prepared in PVA solution and the one from H>O (150 nm) is
much less. It is speculated that the PVA chains may attach on the
surface of small crystals by the interaction between the dangling
Zn center’? and OH groups® and inhibit the growth among cer-
tain directions, leading to the cuboid 2D morphology. In addi-
tion, the results indicate that the shorter PVA chains have the
higher possibility to attach on the surface of ZIF-Cs as a result of
the higher mobility in solution, generating more inhibition and
thus the thinner ZIF-C. To confirm this speculation, XPS tests
were conducted and the results are present in Figure S2-3. The
main peak in the C 1s spectra of the ZIF-C 3070 has been corre-
lated to the C-C bond at 284.8 eV. The shoulder peak at higher
binding energy is assigned to PVA (Figure S2 (A)). Significant
peak shifts in Zn 2p and N 1s spectra have been observed when
compare with pure ZIF benchmark, suggesting the formation of
coordination bond between Zn and O. Similar behavior has been
also reported in the lierature.*’

The chemistry of the ZIF-Cs synthesized in PVA solutions are
evaluated by FT-IR, and the resultant spectra are shown in Fig-
ure 1 (D). Considering the chemical structure of ZIF-Cs, their
characteristic peaks are mainly derived by the imidazole ring.
For example, the one at 1565 cm™ associates with the vibrations
of C=N bond in imidazole ring, as well as the peaks at 1143, 992
cm (C-N) and 2925 cm™ (C-H).** # All these peaks are agreed
with the spectrum of the ZIF-L synthesized in H,O. Moreover, a
board peak between 3500 — 3100 cm™ and the peaks at 1420 and
1375 em™! exist in three ZIF-Cs spectra, usually referring to the
presence of OH bonds, CH; blend, and C-H deformation, respec-
tively, which suggest the remaining PVA inside the ZIF-Cs
nanosheets.’

The thermal properties of 2D ZIF-Cs prepared in different
PVA solutions are also evaluated by TGA, and the results are
shown in Figure 1 (D). As can be seen, all the ZIF-Cs synthe-
sized in PVA solution have similar three-stage decomposition
curves. The first one is shown below 100 °C, and only < 3%
weight is observed from the weight profiles, which corresponds
to the removal of the remaining solvent (H,O). Following a small
plateau between 100 and 200 °C, a steep reduction in the weights
of these ZIF-Cs occurred at around 220 — 260 °C. The possible
reason may be loss of the structural water molecules’’” and the
residual PVA. During crystal growth, because of the interaction
between zinc ions and the OH groups, PVA polymeric chains
may be absorbed on the surface of the developing crystals, then
inlaid inside the later growing ZIF-C crystal and change the
shape. In addition, it is worth mentioning that the remaining
weight of ZIF-Cs at around 220 °C (85-124 > 72 > 30-70)
matches with the order of PVA molecular weight, indicating

longer PVA polymeric chains have less mobility and absorb less
onto ZIF-C crystals; hence less PVA is contained in ZIF-C
nanosheets. All ZIF-C nanosheets begin to collapse and are car-
bonized from 500 °C, which fits the profile of ZIF-L crystal re-
ported in the literature.’'>> These results are also in agreement
with the FTIR results.

PEBAX/ZIF-C MEMBRANE CHARACTERIZATION

For mixed matrix membranes, the interfacial relationship be-
tween the polymeric matrix and inorganic fillers is crucial for the
overall performance.” For example, the poor interface between
fillers and polymeric chains may cause nanoscale interface voids,
further causing the lower transport resistance and low or even
non-selectivity in the membrane. Inorganic fillers, especially
nano-fillers, may be more easily aggregated, which also leads to
the formation of pinholes inside the membrane, thus resulting in
the deteriorated selectivity.

The surface and cross-section SEM images of MMMs with
various ZIF-C 85-124 loading are present in Figure 2 (A-D). The
neat Pebax membranes have smooth, defect-free surface and
cross-section, as expected. For the ones containing ZIF-C 85-124
of up to 20 wt.%, the ZIF-C 85-124 is uniformly dispersed in the
membrane without noticeable agglomeration. Similar morpholo-
gy of MMMs with the other ZIF-Cs were also observed from
SEM, as shown in Figure S2 and Figure S3. These images
demonstrate the good polymer-filler contact between the ZIF-C
prepared from PVA solution and Pebax matrix, which may be
attributed by the PVA chains around ZIF-Cs. The influence of
different ZIF-C on the morphology of MMMs was also investi-
gated, as shown in Figure 2 (D-E). The membrane contained
ZIF-C 30-70 has the smallest nanofillers, while the fillers in
MMMs with ZIF-C 85-124 has the biggest size among these
three, which matched the morphology of ZIF-Cs. Moreover,
these three ZIF-Cs are generally uniformly distributed on the
surface and cross-section of MMMs with a loading of 20 wt. %.
However, few ZIF-C 30-70 sheets are observed to be stacked
from the cross-section, due probably to the trend of aggregation
of very thin nanosheets.

The chemistry nature of these MMMs with different ZIF-Cs is
studied by FT-IR. The typical peaks of neat polymer (3303 cm-1
for N-H, 2871 ¢m-1 for C-H, 1731 cm-1 for C=P, 1638 cm-1 for
—~C=0 and 1095 c¢m-1 for C-O) are apparent in the spectrum of
Pebax membrane, as evidenced in Figure S4 (C), which is in
accordance with its chemical structure and the peaks reported in
the literature.27 With the increasing ZIF-C 85-124 content, the
intensities of these peaks decrease while those from ZIF-Cs, like
C-N bond in imidazole ring (1143 and 992 cm-1), become more
and more significant in the FTIR curves, as present in Figure 3
(A), indicating that the content of ZIF-Cs 85-124 inside MMMs
increases as expected. The other MMMs containing ZIF-C 72 or
ZIF-30-70 have a similar trend with the addition of ZIF-C nano-
sheets and the spectra are presented in Figure S4. Meanwhile, no
peaks have been generated or disappeared in the spectra of
MMMs compared with those of the neat polymer or the ZIF-Cs;
hence we conclude there is no chemical reaction between ZIF-C
85-124 and the Pebax polymeric matrix. The ZIF-C nano-sheets
are physically embedded into the Pebax polymeric matrix. For
the MMMs containing different ZIF-Cs with the same loading,
their spectra are found to be almost identical, demonstrating the
chemical similarity of these ZIF-C nano-sheets and thus the re-
sultant MMMs, as shown in Figure 3 (D).
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Figure 2. Morphology of MMMs with A) 0%, B) 5%, C) 10% and D) 20% ZIF-C 85-124, E) 20% ZIF-C 72 and F) 20% ZIF-C 30-70.
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The thermal stability of MMMs containing ZIF-C nano-
sheets has been investigated by TGA. The neat polymer starts
decomposed around 330 °C with a single-stage behavior,
which is higher than that of ZIF-Cs. As a result, the thermal
stability of MMM s deteriorates with the increasing content of
ZIF-Cs, as shown in Figures 3(B) and Figure S5. For the
MMMs with 5% ZIF-C 85-124, the Tonse is still higher than
300 °C, but the value for MMMSs with 20% ZIF-C decreases to
around 200 °C with only 4% loss at this stage. From these
results, the addition of ZIF-C into Pebax matrix is also con-
firmed, agreed with the FTIR results. However, most of the
membranes for post-combustion CO, capture are operated at a
temperature lower than 80 °C, depending on the process.
Therefore, these membranes are still qualified in terms of
thermal stability. For the membranes containing different ZIF-
Cs, their thermal stabilities are very similar, as shown in Fig-
ure 3 (E). The only difference is the slightly lower weight loss
between 200 and 300 °C in the one with ZIF-C 85-124 because
of the marginally better thermal stability of ZIF-C 85-124
compared with the other ZIF-Cs.

The crystallinity analysis of the MMMs was also conducted
by XRD, as shown in Figure 3(C), (F) and Figure S6. The
XRD pattern of Pebax displays an amorphous structure, as
expected, with the broad pattern shape from 9° to 27°. From
Figure 3(C), it is clearly observed that the incorporation of
ZIF-C 85-124 into MMMs introduces sharp peaks into the
broad curve of the neat polymer. These peaks become clearer
with the increasing ZIF-C loading. A similar trend is also ob-
served for MMMs with different ZIF-Cs. The one with ZIF-C
85-124 has slightly sharper ZIF-C peaks compared with the
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MMMs containing the other ZIF-Cs because of the higher
intensity of ZIF-C 85-124.

GAS PERMEATION PROPERTIES

The mixed gas permeation tests are conducted to study the
effects of different ZIF-C nanosheets on the CO, separation
performance of Pebax + ZIF-C MMMs. As shown in Figure
4, the CO; permeability (P(CO,)) of neat Pebax 1657 mem-
brane under dry condition is 71.3 Barrer with a CO,/N; selec-
tivity of around 30, which is in agreement with the literature
value.*® Regardless of the different morphologies, the addition
of these ZIF-C nanosheets increases the P(CO;) and CO,/N,
separation factor of MMMs under dry condition within ZIF-Cs
contents of up to 10 wt.%. The CO, permeability of MMMs
with 10 wt.% ZIF-C 85-124 is found to be 141.7 Barrer, al-
most twice of that of the neat Pebax membrane, with a slightly
enhanced CO,/N, selectivity of 32.8. These results may be
explained from several aspects. Firstly, the interlayer channels
inside ZIF-C endows a fast transportation shortcut for CO, and
therefore benefits the CO, permeability.’* Meanwhile, for N»,
the presence of ZIF-C rigidifies the polymer chains® *® and
increases tortuosity and thus the transport pathway for gases,
leading to enhanced CO./N; selectivity. In addition, the incre-
ment in CO»/N; selectivity implies the absence of interface
voids between polymer and filler phases at low ZIF-C load-
ing.® However, the existence of interface voids was observed
with further addition of ZIF-C,%” as the result of the decreased
CO, permeability and CO»/N; in all MMMs. In the case of
CO; permeability, the contribution of this pathway counteracts
the benefit from the selective sorption of ZIF-Cs, causing a
slight loss in CO; permeability rather than a further increment.
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Figure 4. The (A) CO2 permeability and (B) CO2/Nz selectivity of Pebax + ZIF-C MMMs as a function of filler content at the dry state.

In addition to the nanofiller loading, the morphology of
these ZIF-C nanosheets also affects the final performances of
MMMs. The membranes with ZIF-C 85-124 show the highest
CO, permeability within all studied filler contents in this
work, followed by ZIF-C 30-70 and ZIF-C 72, while the selec-
tivities show a reverse order. The highest improvement in CO,
permeability may be explained by the greater effect of the
selective CO, adsorption of thicker ZIF-C nanosheets due to
the more available pathway for gases between layers. Moreo-
ver, the membranes containing thicker 2D nanosheets may

have lower tortuosity and thus lower gas transport resistance,
leading to higher gas permeability. On the other hand, lower
tortuosity is usually less favorable to the selectivity, so as the
relative lower CO,/N; selectivity of MMMs with ZIF-C 85-
124 compared to the other membranes. These facts also ex-
plain the lower permeability and higher selectivity of MMMs
with ZIF-C 72. However, for MMMs with the ZIF-C 30-70,
the lower CO; permeability and the lower CO2/N; selectivity
may be ascribed to the stacked nanosheets inside MMM, as
observed from SEM images, leading to the less selective voids
between nanosheets.



A)
S 400f —m—0% ZIF-C
= 5% ZIF-C y
@ —A—10% ZIF-C
> 300} —y—20% ZIF-C
=
[\
g 200}
3
) M ——
o' 100f \v/.
&) | | I\.
ol A A A A A
0 20 40 60 80 100
RH (%)

=5

60
—0—0% ZIF-C
5% ZIF-C
2 S0F —A—10% zIF-C
2 —v—20% ZIF-C " 4
[5] e
o 4of r—"b
»n o
ZN 30} og— \I'l'
e}
o
20} V/V\V
1ol . . . . .

RH (%)

Figure 5. (A) CO2 permeability and (B) CO2/N: selectivity of Pebax + ZIF-C 85-124 MMM as a function of RH.

As a hydrophilic material, the gas separation performance of
Pebax is greatly affected by the relative humidity of the tested
gases. The CO, permeability of the neat Pebax membrane
decreases and then increases with the increasing relative hu-
midity, and a similar trend is also observed for CO./N; selec-
tivity, as shown in Figure 5. Water vapor first occupies the
original free volume, leading to the decreased gas permeability
and then swells Pebax polymeric chains, resulting in enhanced
gas flux. The fully swollen polymer matrix also benefits the
solubility and diffusivity of CO,, thereby obtaining the simul-
taneous increment in CO, permeability and CO»/N; selectivity.
This trend is also observed in MMMs containing ZIF-Cs
nanosheets, as presented in Figure 5. For instance, the Pebax
+ 10% ZIF-C 85-124 membrane has a CO, permeability of
141.7 Barrer with a selectivity of 40.1 at dry condition. With
humidity increasing to 70 RH%, the CO, permeability de-
creases to 108.6 Barrer. However, further humidification from
70 RH% to 100 RH% leads to an around 2-fold increment in
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CO; permeability (259.2 Barrer) and the CO./N; selectivity
(57.2). Apart from the benefits as mentioned, the rigidification
of Pebax chains around ZIF-C MMMs could be eased due to
the increased flexibility at the swollen state. However, despite
the low CO; permeability and CO»/N; selectivity under dry
condition, the membrane with 20% ZIF-C 85-124 has the most
significant increase in CO, permeability (4.6-flod, 387.2 Bar-
rer) and CO»/N; selectivity (2.4-fold, 47.1) when the separated
gas is fully saturated with water vapor. This is because that the
swollen Pebax chains fill the interfacial voids between poly-
meric matric and ZIF-C nanosheets, which reduces the nonse-
lective elements and increases the selectivity. In addition to
the benefit from humidified membranes, the selective adsorp-
tion via ZIF-Cs also benefits the CO, permeation, while the
transportation of N, only depends on the solution-diffusion
mechanism. Similar results are obtained for MMMs with ZIF-
C 30-70 and ZIF-C 72, as shown in Figure S7 and S8.
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Figure 6. The (A) CO2 permeability and (B) CO2/N: selectivity of Pebax + ZIF-C MMMs as a function of filler content at 100 RH%

Therefore, under the fully water vapor saturated condition,
CO; separation performance of the Pebax + ZIF-Cs nanosheets
has different behavior compared with that under the dry condi-
tion. Increment has been observed in both CO, permeability
and selectivity for all MMMs as shown in Figure 6. The influ-
ence of morphology for CO; separation performance under the
fully water vapor saturated condition is quite similar to that

under the dry condition. But due to the presence of more
stacked nanosheets, the MMMs with ZIF-C 30-70 display the
lowest CO; permeability and CO2/N; selectivity when the ZIF-
C nanosheets loading is higher than 5 wt.% even though they
are the median under the dry condition.

These performances are evaluated in comparison with the
2008 Robeson bound,’ as shown in Figure 7, and some Pebax



1657-based MMM in the literature !> % 3% 3867 a5 presented
in Table 1. It is clearly seen that the incorporation of ZIF-C
85-124 pushes the performance close to the upper bound with
the loading of up to 10 wt.%, and then move along the upper

100

bound with the higher ZIF-C loading. In addition, it is clearly
shown that the membranes reported in this work have a higher
permeability with lower CO,/N; selectivity.

Upper Bound (2008)

Figure 7. CO2/N; separation performances of Pebax 1657-based MMMs at 100% RH condition separation.
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Table 1 The start-of-art CO: separation performance of the Pebax 1657-based MMMs

Fillers f'e(rCOz) [ Bar - couN, selectivity ~ Tested condition Ref
Zeolite-4A* 129.5 94.2 Single gas, 24.5 Bar, RT. %
Fumed silica 74.12 101.53 Mixed gas, 12 Bar, 25°C 67
ZIF-8 (90 nm) 99.7 59.6 Single gas, 1 Bar, 20 °C 27
MIL-53 95.7 49.9 Single gas, 10 Bar,35°C ¢
Attapulgite ~170 52 Single gas, 35 °C 64
Graphene oxide (GO) 100 91 Single, 3 Bar, 25 °C o8
Porous reduced GO 119 104 2 Bar, 30 °C 02
gr(‘;daz"le functionalized 5 105 Single gas, 8 Bar,25°C 6
MoS: 64 93 Single gas, 2 Bar, 30 °C 9
Multi-walled carbon
nanotubes (MWCNTs) 361 52 Single gas, 7 Bar, 35 °C 0
(33 %)
MWCNTs (5 %) 262.15 58.5 Single gas, 1 Bar, R.T. 58
ZIF-C 85-124 (20 %) 387.2 47.1
ZIF-C 72k (10 %) Humid mixed gas, This
- 6 205.1 61.6 2 Bax, 24 °C work
ZIF-C 30-70 (10 %) 194.2 53.0

CONCLUSIONS

In this work, a simple preparation method for cuboid ZIF-C
nanosheets with controllable morphology has been developed.
Three PVA with different molecular weights were employed
to investigate its effect on the morphology of the nanosheets.
The results show that the molecular weight of the additive
PVA has a significant influence on the thickness and size of
the as-synthesized ZIF-C nanosheets, as well as the material
properties. The higher MW the PVA has, the thicker and

smaller in both length and width the ZIF-C nanosheets are
formed. The crystal structure of the ZIF-C is proven by the N,
adsorption experiment and XRD tests. During the growth of
crystals, PVA chains are selectively attached to the surface of
the crystals and inhibit the growth along with the particular
directions. Thus, the shape and the size of these nanosheets
can be manipulated. The existence of PVA inside the ZIF-C
nanosheets is confirmed by FTIR and TGA analysis. In addi-
tion, the one made from PVA 85-124 solution has the best



thermal stability and highest crystallinity among the as-
synthesized ZIF-C nanosheets.

With the Pebax 1657 as the polymeric matrix, the effect of
these ZIF-C nanosheets in mixed matrix membranes has been
systemically studied by various techniques. The results from
FTIR, XRD, and TGA tests confirm the successful incorpora-
tion of the ZIF-C nanosheets into the Pebax phase. The surface
and cross-section images from SEM analysis show that these
nanosheets are generally well-dispersed in the MMMs. How-
ever, stacked ZIF-C 30-70s, the thinnest nanosheet obtained in
this work, are noticeable from SEM images. Moreover, the
mixed gas permeation results show that the addition of the
ZIF-C nanosheets increases the permeability and CO,/N> se-
lectivity, regardless of the kind or the content of the
nanosheets. ZIF-C 85-124, the thickest nanosheet prepared in
this work, is found to be the most efficient nanofiller in pro-
moting CO, transport compared with the others because of the
selective adsorption of CO, inside the ZIF-C nanosheets. Fur-
thermore, the presence of water vapor significantly enhances
the gas transport property, and the CO, separation efficiency
of these MMMSs. The highest CO, permeability (387.2 Barrer)
with a CO»/N; selectivity of 47.1 is obtained from the Pebax +
20% ZIF-C 85-124 MMM.

Overall, this method provides a facile approach to the fabri-
cation of ZIF-C nanosheets with controllable size and thick-
ness. The as-synthesized ZIF-C nanosheets can be used as
promising nano-fillers in MMMs to enhance CO2 separation
performance. The preparation methods reported here may be
further studied by using different additives to form other
shapes of nanoparticles, or to better understand the effect of
the additives on the crystal formation and growth, and the
morphology of the nanoparticles. Other polymers may also be
applied as the membrane polymer phases for MMMs with
even better CO, separation performance or for different appli-
cations.
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Table S1 The size of the as-synthesized ZIF-C obtained from AFM

MOFs Length (um) Width (um) Thickness (nm)
ZIF-C 30-70 5.0 2.0 70
ZIF-C 72 4.3 1.4 120
ZIF-C 85-124 4.1 1.1 170
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Figure S1 The N2 adsorption experiment results of ZIF-C prepared in PVA solution
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ABSTRACT

In this study, three zeolitic imidazolate frameworks (ZIFs) with different shapes — particles (0D),
microneedles (1D) and leaves (2D) - were synthesized by tuning the polymeric additive. These
ZIFs have been dispersed into Pebax 2533 matrix with a loading varying from 0 to 20 wt.%. The
resultant mixed matrix membranes (MMMs) have been systemically characterized by various
techniques. Mixed gas permeation experiment was also employed to evaluate the CO, separation
performance. The results show that there exists an optimal ZIF loading for these three series of
membranes, but the values are highly dependent on the morphologies of the added ZIFs. The
membranes containing ZIF particles and microneedles display the highest CO» permeability and
CO2/N2 selectivity simultaneously at 10 wt.% loading, while a much lower loading, i.e., ~ 5 wt.%
is the optimized value for ZIF leaves. Moreover, the increment in CO> permeability is related to
the ZIFs’ morphology and the order is 0D < 1D < 2D. On the other hand, the effects of the
morphology on selectivity seems to be the opposite, with ZIF of 0D structure showing the highest
selectivity. Moreover, the influences of adding ZIF fillers on the performances of the resultant
MMMs under varied operating temperatures and the feed pressures were also investigated. The
membrane with 10 wt.% 1D ZIF shows the highest increment in CO2 permeability (727.4 Barrer)

with acceptable CO2/Nz selectivity at 60 °C.



1. INTRODUCTION

The market size of gas separation membranes in various applications, like air separations and
natural gas sweetening/dehydration, has been expanding greatly !> and is estimated to reach $1.1
billion by 2024 according to a very recent research report. Among plenty of the membrane
materials, polymers have dominated due to their low cost, excellent processability and easy scale-
up. But in most fields, especially for CO» separation, one of the biggest markets, the current
polymeric membrane materials still cannot meet the desirable performance to replace the
conventional separation technology (i.e., absorption/adsorption), which usually are energy-
intensive processes. The present polymeric materials either have high gas permeabilities with low

gas selectivity, or vice versa, known as the “Upper Bound”.?

On the other hand, the inorganic membrane materials usually have high gas transport properties
and selectivity at the same time. However, their high cost and poor processability hinder them
from gaining wide application. Hence, an alternative that potentially combines the benefits and
avoids the disadvantages of both polymeric and inorganic membranes, known as mixed matrix
membranes (MMMs),%7 has been proposed by incorporating inorganic fillers into polymeric
matrix. Generally speaking, the incorporation of inorganic fillers could have a positive effect in
the gas diffusivity. Song et al. has blended ZIF-8 (zeolitic imidazolate framework) nanoparticles
into Matrimid and observed a monotonous increment in gas permeability with increasing ZIF-8
content.® Further analysis suggests that the enhanced CO, permeability is mainly due to the
increased CO» diffusivity, which comes from the higher free volume created by the rigidified
polymeric matrix due to the presence of the ZIF-8, as well as the extra transport path inside ZIF-8

particles. Moreover, the angstrom-scale pores or special channels inside the ZIF fillers offer not



only extra transport paths, but also work as a molecular sieve and thus promote the separation
performance. Another research documented that the interlayer channels inside graphene oxide
could work as fast and selective pathways for CO2, and only 1 wt.% graphene oxide could realize
significant increments in both CO2 permeability and CO»/N> selectivity, thereby surpassing the
“Upper Bound”.’ In addition, the rich diversity in the polymer-inorganic filler pairs offers great

probability of achieving better membranes.

Despite these encouraging results, there still exists lots of problem that are yet not to be fully
understood. Researchers have noticed that incorporating inorganic nano-fillers into polymeric
matrix could also result in deteriorated performance. Various factors, such as fillers’ pore size /
shapes, the size / shape / chemical composition of the fillers, the pairing selection of fillers and
polymeric matrix, preparation methods, could affect the morphology of the resultant MMMs and
thus the performances. Very recently, it has been reported that the altering filler’s geometry may
result in different performances, even with the same pairing (polymer-fillers). '© For instance,
several studies have found that increasing filler size has negative effects on the gas permeabilities
113 with the same loading, since the smaller fillers could offer more external surface area. On the
other hand, larger particles have less tendency to form agglomeration and may benefit the gas

transport properties of the resultant membranes. 1> 1413

Apart from the size effect, the filler shape is also considered as one of crucial factors, which would
affect greatly the interfacial contact between fillers and the polymeric matrix. However, only a few
related researches have been conducted. Sabetghadam and co-workers ' prepared NH,-MIL-
53(Al)s nanoparticles (46 x 15 nm), nanorods (64 x 15 nm) and microneedles (4000 x 80 nm) by
different preparation methods and incorporated them into Matrimid to investigate the effect of

MOF’s morphology on the performance of the resultant MMMSs. The gas permeation results show

4



that the nanoparticles could benefit the gas permeability, while the addition of the other MOFs
leads to a loss in CO2 permeability. The better dispersion of nanoparticles inside polymeric matrix
is believed to be the main reason, since the nanorods and microneedles have higher aspect ratio
and thus less closer to the ideal sphere. The same group also demonstrated that the presence of
copper 1,4-benzenedicarboxylate (CuBDC) nanosheets in Matrimid matrix increases the CO2/CHy
selectivity while the nanoparticles or bulk-type analogies worsen the separation ability of the

polymeric matrix.!”

In another work by our group, a simple method to prepare ZIF cuboids with different thicknesses
has been reported. These ZIFs were then incorporated into Pebax matrix for gas separation. Results
show the ZIFs with different thicknesses could result in considerably distinct impacts on the CO»
separation performance: the thickest one brings about the highest CO» permeability.'® In the
current work, following the same ideas, the influences of the filler shapes on the properties of the
ZIF + Pebax matrix were investigated by employing ZIF nanoparticles (0D), needles (1D) and
leaves (2D). These ZIFs were prepared using different methods at room temperature, and then
analyzed by various characterization techniques: scanning electron microscope (SEM), fourier-
transform infrared (FTIR) spectroscopy and X-ray crystallography (XRD). Afterwards, these
methods were also used to evaluate the properties of the resultant MMMs together with thermal
analysis (TGA) and differential scanning calorimetry (DSC). Finally, the CO2/N> separation
performance was studied by mixed gas permeation tests and the correspondence between the
morphologically properties of the nanofillers and the permeation properties of the MMMs are

discussed.

2. Experimental Section



2.1. Materials

Zn(NO3)2-6H20, 2-methylimidazole (Hmim), Poly(vinyl alcohol) (PVA, M, 89000-98000 g/mol,
99% hydrolyzed) and polyethylene glycol (400g/mol, PEG 400) were ordered from Sigma,
Norway. Pebax 2533 pellets were purchased from Arkema. Ethanol (96%) was bought from VWR,

Norway. All the chemicals were used without further treatment.

2.2. ZIFs preparation

The ZIFs synthesized in PEG 400, PVA and additive-free solution have a morphology of particles,
microneedles and leaves, which are named as 0D ZIF, 1D ZIF and 2D ZIF, respectively. The 0D
ZIF and 1D ZIF were prepared via the following procedure: 0.59g Zn(NO3)-6H>O was dissolved
in 40 mL 1 wt.% PVA or PEG solution, while 1.32 g Hmim was added into another 40 mL same
polymeric solution (1 wt.%). Then two solutions were mixed and stirred at room temperatures and
solution gradually became whitish. 2D ZIF was prepared according to the same procedure but in
DI water. After 3 hours, the solution was centrifuged at 10000 rpm for 10 mins and then the
precipitate was as-synthesized ZIFs. The obtained ZIFs were washed twice by dispersing in DI
water and centrifuging to remove residual reactants and the polymeric additives. Finally, the ZIFs

were placed in vacuum oven at 60 °C until fully dried.

2.3. Membrane preparation

Pebax 2533 + ZIFs membranes were fabricated by the knife-casting method. Typically, 8 wt.%
Pebax 2533 / ethanol solution was prepared at 80 °C with reflux for around 2 hours. Meanwhile,
a certain amount of ZIFs was added into ethanol to prepare the 8 wt.% ZIF / ethanol suspension.
Afterwards, the Pebax solution was added into the ZIF / ethanol suspension, accompanied by
stirring, overnight. The mixture was cast on a glass plate using a casting knife (PA-4302, BYK-

CHEMIE GMBH, Germany) with a wet gap of around 600 um. The cast membrane was then dried



in a ventilated oven at 40 °C and then moved to a vacuum oven at 60 °C until fully dry. The

obtained membranes were stored in a desiccator to avoid the absorption of moisture from air.

2.4. Characterization

The FTIR spectroscopy was performed for all ZIFs and resultant membranes with a Nicolet Nexus
spectrometer, Thermo. The obtained spectra of all samples were an average of 16 scans with

wavenumber from 550 cm™' to 4000 cm’.

The morphologies of ZIFs and the resultant MMMs were analyzed using a SEM (TM3030 tabletop
microscope, Hitachi). The cross-section specimens of MMMs were prepared by breaking the
samples in liquid N». A sputter coating with gold (2 mins) was conducted for all samples before

SEM characterization.

The thermal stability tests of ZIFs and the MMMs were performed by a TGA (TG 209F1 Libra,
Netzsch). Samples of around 10 — 20 mg were used. All samples were heated from room
temperature to 700 °C at a heating rate of 10 °C / min under N> atmosphere. Differential scanning
calorimetry (DSC) analysis was also conducted to study the phase transition behavior of the
MMMs (DSC 214 Polyma, NETZSCH-Gerédtebau GmbH, Germany). Samples of around 10 - 20
mg were placed in a covered standard aluminum pan and heated at the rate of 10 °C/min in N>

atmosphere.

The crystalline information of the as-prepared ZIFs and MMMs was obtained from XRD tests
using Bruker D8 A25 DaVinci X-ray Diffractometer, Bruker. The characteristic wavelength A is

1.54 A (Cu Ko radiation), and all samples were scanned with the 20 range from 5° to 75°.

2.5. Gas permeation tests



Mixed gas permeation experiments were conducted by an in-house permeation setup reported
elsewhere '°2°. The CO2/N: (10/90 v/v%) gas mixture was employed as the feed gas, whereas the
sweep gas was pure CHy. The sweep pressure was kept around 1 bar, while the feed pressure was
adjusted based on the required test conditions. The operating temperatures were controlled by a
ventilated oven, inside which a larger part of the gas permeation setup was mounted. The
compositions of both permeate and retentate streams were real-time monitored by a gas
chromatograph (490 Micro GC, Agilent). The gas permeability (P;) of the ith penetrant species is

calculated using equation (1):

Npermyi

P, =
' A(pi,ret - pi,perm)

€y

where Nperm is the permeate flow measured by a bubble flow meter (mL/min), »; is the molar
fraction of the gas 7 in the permeate flow (%), pirerand piperm stand for the partial pressures of the
gas i in retentate and permeate streams (bar), respectively, and A4 is the effective membrane area
(cm?). In the present work, the unit of gas permeability is Barrer (I Barrer = 107

cm*(STP)*cm*cm™?*s ' *cmHg™!). The separation factor was determined from equation (2):

_Yyilyj )

U Xi/Xj
where y; and y; are the mole ratio of gas i and j in permeate stream, respectively, while x; and x;

present the mole ratio of gas i and ; in the retentate side, respectively.

3. Results and discussion

3.1.Properties and morphology studies of ZIFs

Three ZIFs with different shapes were fabricated with the same Hmim/Zn?" ratio in aqueous

solution at room temperatures, without the polymeric additive. It is well known that additives play



an important role in crystal formation and the growth of the inorganic crystals, and then tune the
ZIFs’ morphologies, like shapes and sizes.'® 2! The crystals of the ZIFs generated in PEG solution
have a rhombic dodecahedron appearance with a size of around 2 um , as shown in Figure 1 (A).
While the ones generated from PVA 89-98 solution are sharp needles with a length of 6 pm and a
width of 0.6 um (as shown in Figure 1(B)). On the other hand, the 2D ZIF has a leaf-like shape
(1.3 x 5.4 um, shown in Figure 1(C)), in agreement with a previous report. >* In addition to the
differences in the shapes of the fillers, the XRD characterization results suggests that the crystal
structure of these three ZIFs are not the same. The XRD pattern of 1D ZIF matches that of leaf
ZIF-L, which is the 2D ZIF in this work. This suggests that the existence of PVA during ZIF
synthesis seems to have a negligible effect on the crystal structure '®. Unexpectedly, the 0D ZIF
has similar XRD pattern with ZIF-8, 23 despite having the same Him/Zn*" ratio (8:1) as ZIF-L 22,
which is much lower than the typical ratio for synthesizing ZIF-8 particles (70:1) 2*. It is well-
known that the Him/Zn?" ratio has great impact on the crystal structure of the resultant particles,
especially in aqueous solutions. 2> While the presence of PEG seems to stabilize the Him-Zn

coordination structure and allows for the formation of ZIF-8 at low Him/Zn>" ratio 2°.

TGA was employed to investigate the thermal stabilities of the ZIF. As shown in Figure 1 (E), all
the samples lost a small amount of H>O when the temperature reaches around 100 °C. With
increasing temperature, the 0D and 1D ZIF starts decomposing, followed by the 2D ZIF. The
relatively lower thermal stability of the ZIFs synthesized in polymeric solution is probably due to
the polymeric chains entangling with the crystal cells. The ZIF formed in additive-free condition
has relatively higher decomposition temperature. During this stage, the loss in weight mainly
comes from the losing the structural water molecules and unreacted compounds [23]. All the

samples presented a significant weight loss within the temperature range of 200 -300 °C. The 0D



ZIF has relatively smaller slop, which is mainly due to the decomposition of the ligand. Afterwards,
the residual masses of these three ZIFs remain almost unchanged with increasing temperature,
indicating that the crystal structure of the ZIFs have been destroyed and changed to the ZnO form
[21]. FTIR spectroscopy was also used to analyze the chemical composition of the as-synthesized
ZIFs and the results are presented in Figure 1 (F). Since the ionic bonds cannot be detected by
FTIR, the only bonding observed are those in Hmim molecules, like C-N and C=N bonds, which
has characteristic peaks around 1310 and 1130 cm™!, and 1568 cm™' 2728, respectively. These peaks
are clearly noticed in the spectra of the three ZIFs, suggesting the presence of organic linkers.
Combined with other characterization results, these as-synthesized ZIFs’ crystal cells are

composed of the Hmim and Zn?", but in different construction ways
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Figure 1The SEM images of A) 0D ZIF, B) 1D ZIF and C) 2D ZIF, and D) XRD curves, E)

TGA results and F) the FTIR spectra of these ZIFs.

3.2.Properties and morphology studies of MMMs
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3.2.1. Chemical property

The FTIR spectroscopy was employed to analyze the chemical properties of the Pebax 2533 + 1D
ZIFs MMM and the results are presented in Figure 2 and Figure S1. The peaks located around
3300 cm™!, 1640 cm™ and 1100 cm™ are associated with the amine (N-H) in polyamide segments,
carbonyl (C=0) and ether (C-O) groups in polyether chains, respectively. This matches with the
chemical structure of the neat Pebax 2533 and peak information in the previous literature 2°~*. For
the MMMs containing ZIFs, these aforementioned peaks become weaker with increasing ZIF
loadings, as shown in Figure 2 (A), due mainly to the decreasing Pebax content inside the
membranes. On the other hand, the intensity of the peak corresponding to ZIFs (1310 cm™)
increases with the addition of the ZIF, as shown in Figure 2 (B). It is worth noting that no new

peaks or peak shifting has been observed. These results suggest that the ZIFs indeed were

physically blended into the Pebax matrix as expected.
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3.2.2. Thermal properties

The thermal characterizations are very important and useful in understanding the hybrid materials
and thus their properties. The thermal stability of MMMs were investigated by TGA, and the
results are shown in Figure 3 and S3. The neat Pebax 2533 has single-stage decomposition
behavior with a Tonset of ~ 370 °C, which is much higher than those of the three ZIFs used in the
current study. Naturally, adding ZIFs results in left-shifted decomposition temperature of the
MMMs, despite the ZIFs” morphologies. With increasing ZIF loading in MMM s, the Tonset of the
hybrid materials decreases and the residual mass increases, as shown in Figure 4, indicating that
the actual amount of ZIFs in MMM s is increasing as expected. In addition to the changes in Tonset,
the decomposition behavior of the MMM s is also affected by the ZIFs: the one-step decomposition
curve turns to multi-stage curves. The low filler loading leads to at least three stages: 300 - 330 °C,
330 -360°C and 360 - 470 °C, which corresponds to the ZIFs and Pebax 2533 chains, respectively.

The higher loading causes less clear boundaries between stages.
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© 40}
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Figure 3 The TGA results of the MMMs with various loading of 1D ZIFs.
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In addition, DSC was also employed to characterize the MMM, and the second heating curve of
the different membranes are displayed in Figure 4 and S4. Two distinct peaks are observed in all
curves: one located around 15 °C and the other near 138 °C. Considering the chemical structure of
the Pebax 2533, the peak around 15 °C is believed to be the melting peak of the soft PE chains,
while the second one belongs to the hard PA segment, which are in good agreement with the results
previously reported. **3? In addition to the melting temperatures, the peak area is theoretically
related to the amount of required heat during melting process, which is proportional to content of
the corresponding compound. Firstly, for neat Pebax 2533, the melting peak of PE segment is
much bigger than the one of PA blocks, which agrees with the composition of Pebax 2533 (86
mol% PE and 14 mol% PA). ?° Secondly, with incorporating ZIFs, both melting peaks become
increasingly smaller, and the Tm of the PA blocks shifts to lower values, which indicate the
decreasing amount of the polymeric chains in the MMMs. In addition to the influences of the fillers’
content, the morphology of the fillers also has influences on the final thermal properties. The
MMMs containing 20 wt.% 0D and 1D ZIF have Tms of PA segment around 132 °C, while the Tr
of the one with 2D decreases to 126 °C. The lower melting temperature may be because the leaf
ZIF-L could break the PA zones and thus interrupt the formation of crystalline zones, *3 leading to

less required energy for melting the crystalline and the amorphous chains.
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Figure 4 The DSC results of the MMMs with various loading of 1D ZIFs.

3.2.3. Crystallinity

Crystallization has great influence on the various properties of the polymers, such as mechanical
properties and gas separation performance. XRD tests were performed for all MMMs and the neat
Pebax 2533 membranes as shown in Figure 5 and S5. The neat polymer membrane has two broad
peaks locating at 11.7° and 19.8°, respectively, corresponding to the semi-crystalline nature of the
Pebax 2533. 3*3¢ On the other hand, incorporating the highly crystalline materials introduces the
sharp and narrow peaks originating from the ZIFs and shrinks the broad peaks of the Pebax 2533.
Meanwhile, with the increasing ZIF loading, the sharp peaks become more obvious while these
amorphous peaks diminish significantly. This presents the increasing content of ZIF and the

decreasing amount of Pebax in these MMMs, greatly agreeing with previous characterization

results.
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3.2.4. Morphology study

As discussed previously, the incorporation of inorganic fillers into the polymeric matrix may cause
unideal dispersion in the resultant MMMs, which may be observed by a SEM. The surface and
cross-section images of all Pebax + ZIF MMMs are presented in Figure 6 and S6. The neat
polymeric membranes have smooth surfaces and void-free cross-sections (Figure 6 (A)). While
the surfaces and cross-sections of all MMMSs become rougher with increasing filler contents,
despite the morphology of the ZIFs. Moreover, all the three ZIFs seems to be dispersed well in the
resultant MMMs and no obvious aggregation of ZIFs has been seen, except for the one containing
20 wt.% 2D ZIF. The membranes with 20 wt.% ZIF-L clearly have phase-separation from both
surface and cross-section images, due probably to the ZIF-L aggregation during membrane
fabrication. The reason for this much higher agglomeration trend of ZIF-L is probably its leaf-like
shape, compared to the other ZIFs studied in the current work. It is well-known that inorganic
fillers tend to aggregate at high filler loadings, and many factors could lead to this unpleasant result,
such as particle size, bad compatibility with the polymeric matrix and the shape of the fillers.
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Several research works have reported that for inorganic fillers with high aspect ratio (> 10), the
low loading may be more attractive 3’ because of the greater possibility of stack and aggregation.
Moreover, they could offer the same or even better performances at lower loadings compared to

the typical spheres.

A) 0% 1D ZIF - B) 5% 1D ZIF

NM D42 x1.0k 100 um

D) 20% 1D ZIF

NMMD3.9 x1.0k 100 um

S S NM D43 x10k 100 um S T o o

Figure 6 The SEM images of the MMM s containing 1D ZIFs with various loading.

3.2.5. Permeation study

Effect of filler

The CO2/N; separation performance of the resultant MMMs with three ZIFs fillers was evaluated
by the mixed gas permeation tests at room temperature with a feed pressure of 2 bar. The CO2
permeability and CO2/N; separation factor of the resultant MMMs as a function of filler content

are presented in Figure 7.
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The neat Pebax 2533 have a CO» permeability of ~ 220 Barrer with a CO2/N» separation factor of
26, in good agreement with previously reported values.’® A clear increment in CO, permeability
was observed with the addition of all ZIF fillers, despite the difference in particle shapes. This
enhancement may be explained by several factors. First, the addition of ZIFs disrupts the packing
way of polymeric chains and then rises the free volume of the resultant membranes. Meanwhile,
the pores of these ZIFs act as molecular sieves, allowing the small specimens, like CO; in the
current work, pass through but not the big ones, which offers the extra transport paths for CO2 and
hence benefiting their permeabilities. However, further increasing the ZIF loading has negative
effects on the CO, permeability, probably due to the aggregation of fillers inside MMMs, 340
although it is only observed in the membranes containing 2D ZIF under microscopy. Despite this
similar trend, there exists some difference between the influences of adding each ZIF. The optimal
ZIF loadings are related to the morphologies of the employed ZIF: the peaks are located at 10 wt.%
for 0D and 1D, while 5 wt.% for 2D. Several researches have inferred that the high aspect ratio of
2D nanomaterials endows similar or better performance at lower loading compared to the spherical

17.41-42 " in accordance with the results of the current work. It

ones, the most common filler shape
is worth mentioning that the membrane with 5 wt.% 2D ZIF has the highest CO» permeability
(425.0 Barrer), followed by the one with 10 wt.% 1D ZIF (411.4 Barrer) and 0D ZIF (376.7 Barrer).
Moreover, the reason of that the membranes containing 1D ZIFs is more permeable than that with
0D ZIF at same loading is probably because that the interface between the polymeric matrix and
microneedles is slightly better than that between the polymeric materials with the microparticles.

One of our previous studies found that the ZIFs synthesized in PVA solutions may entangle with

PVA chains during the formation of crystal cells, and as a result, achieve good compatibility with

17



Pebax '®. This may be one of the reasons the microneedle-shaped ZIFs, prepared in PVA solution,

have better interfaces with Pebax phase.
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Figure 7 The A) CO2 permeability and B) CO2/N; separation factor of the MMMs with different

filler loading (tested at dry condition and room temperature with a feed pressure of 2 bar).

In addition to the gas permeability, the ZIFs’ morphologies also play a role in the CO2/N>
separation factor (as shown in Figure 7 (B)). The incorporation of 0D or 1D into Pebax lifts the
CO2/N> selectivity from 26 to above 30. The presence of ZIFs leads to more tortuous transport
paths for larger gases, while in the meantime, the pores inside these ZIFs may work as molecular
sieves, allowing the small CO» to pass through. Therefore, the selectivity is reinforced by adding
ZIFs. However, further addition provokes deterioration, as a result of filler aggregation. On the
other hand, the CO2/N> separation factor of membranes with 2D ZIFs stay almost unchanged. This
probably is because the interfaces between Pebax and ZIF-L is not ideal, which generates the non-
selective gaps (sieve-in-a-cage) and then fails to improve the selectivity at low loading. At high
loading, the ZIFs agglomerate, as shown in SEM image (Figure S6 (H)) and thus fail separating

gas mixtures.
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These aforementioned performances were compared with the 2008 upper bound, as shown in
Figure 8 The MMMs with 0D and 1D ZIF move towards the upper right corner, while the
membrane with 5 wt.% 2D ZIF only shifts towards the right side. The incorporation of these ZIFs
does push the separation performance closer to the 2008 upper bound but still does not surpass it.

Considering the improved performances, these three membranes were chosen for further studies.
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100 1000
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Figure 8 Comparison of the CO2/N> separation performance of Pebax + ZIFs membranes

with the 2008 Upper bound.

Effect of operating temperature

The effects of the operating temperature have been investigated by conducting mixed gas
permeation experiments at different temperatures: 24, 40 and 60 °C (Figure 9). The CO;
permeabilities of all membranes increase significantly, while the CO2/N» separation factors
decrease with increasing operating temperature. The higher operating temperature facilitates the
diffusion of gas molecules, which benefits the enhancement in gas permeability. Moreover, the

polymeric chains become more flexible at higher temperatures, and then form more free volume
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for gas transporting through membranes, consequently leading to higher gas permeability. While
the increment in CO:2 permeability with the increasing temperature seems to be negatively affected
by the added ZIFs, indicating by the less slope of the membranes containing ZIFs compared to the
neat Pebax. The presence of ZIFs inside membranes may hinder the chain mobility at higher
temperature, and hence results in less increments in gas permeability. Among them, the 2D ZIF
seems to have more influence on the polymeric chain packing because of its greater decrease in

CO; permeability.

On the other hand, for most of polymeric membranes, increasing operating temperatures usually
leads to decreasing CO»/light gas selectivity, as a result of the wider pore element distribution at
higher temperature. This agrees with the results of neat Pebax, as illustrated in Figure 9 (B). For
the membranes containing ZIFs, the separation factors also decrease, as expected, since the Pebax
still is the main ingredient (90 or 95 %) of these MMMs. In addition, the loss in the CO2/N
separation factor of these four membranes are similar, which at 60 °C, only have remained 50% of
the values at R.T.. Therefore, it could be concluded that these decreases are mainly caused by the

behavior of the neat Pebax.
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Figure 9 The A) CO» permeability and B) CO2/N> separation factor of the MMMs as a

function of operation temperature. (Tested at dry condition with a feed pressure of 2 bar.)

Effect of feed pressure

The influences of the feed pressure were also studied, and the results are presented in Figure 10.
The CO: permeability and the CO2/N; separation factor of the neat Pebax membrane decrease
slightly (~ 5%) with the increasing feed pressure, in consistence with the previous studies ***4.
One possible reason is that the feed pressure compresses the polymeric chains and then reduces
the free volume, as well as the CO, permeability *’. For the MMMs, the decrease rate of CO
permeability is close to that of the neat Pebax, while the changes in CO2/N> separation factor are
dependent on the filler. The membrane with 0D ZIF has almost unchanged selectivity with
increasing feed pressure. However, the CO2/N; selectivity of the membrane containing 10% 1D
ZIF reduces from 28 to 14 when feed pressure increases from 2 bar to 6 bar. The membranes
containing 1D ZIFs are much less robust compared to the neat polymeric one: the pore elements
generated by adding ZIFs may merge together thus reduce the molecular-sieving effect at higher

operation pressure. This result indicates that the Pebax + 1D ZIF membranes may not be a good

candidate for higher-pressure application. Unexpectedly, the Pebax + 5% 2D ZIF membranes have
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better resistance to the feed pressure compared to the other two MMMs in terms of CO2/N»

selectivity.

600 40
— A) CO, Permeability N B) CO,/N, seperation factor
> 500} 2 < 2
£ 5 o
— |
@S 400 =\l -9 -og 30b (O\L o o
; 300} E v
5 S o
Q ‘\0\. ) o—
£ 200} = o
Q —o— Neat Pebax % 10| —0— Neat Pebax

~ —m— Pebax +10 wt.% 0D ZIF Z —oO— Pebax +10 wt.% 0D ZIF
8 —e— Pebax +10 wt.% 1D ZIF o' |—o—Pebax+10wt.% 1D ZIF

100 - Pebax +5 wt.% 2D ZIF, ] 0 - Pebax +5 wt.% 2D ZIF
2 4 6 2 4 6

Figure 10 The A) CO> permeability and B) CO2/N> separation factor of the MMMs with a

function of feed pressure. (Tested at dry condition and room temperature)

4. Conclusions

In present work, three ZIFs with three different morphologies (particles, microneedles and leaves)

Pressure (Bar)

Pressure (Bar)

were prepared. The presence of polymeric additives (PEG 400 and PVA) play an important role

on the construction and the structures of the ZIF crystals. The characterization results indicate that

the ZIF particles synthesized in PEG 400 solution have the same crystal structure with ZIF-8, while

the microneedle-shaped ZIF from PV A solution is closer to that of the ZIF-L, although the shapes

of the fillers are quite different.

The influence of the ZIFs with different morphology on the Pebax 2533 + ZIF MMMs were
systemically evaluated by several characterization approaches. The chemical, thermal and the
crystalline properties of the resultant MMMs have proved the presence of the aforementioned ZIFs
indicating the successful incorporation of ZIFs into Pebax matrix. Further morphology analysis

also confirms the well-dispersion of these fillers inside the MMMs at low ZIF loading, based on
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both surface and cross-section images. However, the addition of 20 wt.% 2D ZIF leads to clear

agglomeration, but this is not observed for the 0D or 1D.

The mixed gas permeation results show that the incorporation of these ZIFs firstly increases and
then decreases the CO; permeability, regardless of the morphology of the filler. But the optimal
ZIF contents are dependent on the filler morphology: 10 wt.% for OD and 1D ZIF, while 5 wt.%
for 2D. Similar influences of the filler loading were found for the CO2/N; selectivity of the
membranes with OD or 1D ZIFs, and the optimal ZIF loadings for selectivity are the same as those
for CO; permeability. Moreover, the comparison of the best CO, separation performance among
the three MMMs shows that the increment in CO» permeability is associated with the ZIFs’
morphologies in the order: 0D < 1D < 2D, despite the lower loading of 2D ZIFs. An opposite trend
was observed for CO2/N; selectivity. Therefore, these three optimized MMMs were chosen to
study the effects of the operating temperature and the feed pressure. The increasing operating
temperature results in greatly enhanced CO> permeability and reduced CO2/N; selectivity for all
membranes, while this difference in the impact on the operating temperature for the investigated
MMMs are similar to that of neat Pebax membrane. The change in feed pressure results in a more
different behavior: the CO2/Nxz selectivity of the membranes with 10 wt.% 1D deteriorates largely
(reduced almost by 50 %) with rising feed pressure compared to the results of the other membranes.

Similar observation has been found for the CO» permeability of the Pebax + 5 wt.% 2D ZIF.

ASSOCIATED CONTENTS

SUPPORTING INFORMATION
The results of FTIR, TGA, DSC, XRD and SEM images of membranes containing 0D and 2D ZIF

were presented in Supporting Information.
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Abstract
In this work, two two-dimensional (2D) leaf-like ZIFs (ZIF-L-Zn and ZIF-L-Co) were

incorporated into the microporous Troger’s base (TB)-based polymers for hydrogen separation.
Various characterization results have documented the good dispersion of leaf ZIFs in the resultant
mixed matrix membranes (MMMs), thanks to the good compatibility between polymeric matrix
and nanoleaves. The addition of both leaf ZIFs greatly enhances the gas permeabilities of all
investigated species within the studied loading. Thanks to the interlayer channels in the laminated
2D ZIFs, small molecules like H» obtain additional fast transport pathway and, thus, a remarkable
increase in gas permeability up to 4 times. A H» permeability of 1235.5 Barrer was achieved in the
presence of only 20 wt.% ZIF-L-Co. Compared with ZIF-L-Zn, ZIF-L-Co is more efficient in
promoting gas permeabilites with similar selectivities for all gas pairs. The MMMs with ZIF-L-
Co have displayed excellent hydrogen separation performances which surpass all Upper Bounds
of H2/CO2, Ha/N; and Ho/CHa. Further increasing the operating temperature enhances the gas
transport properties, and the membrane with 20 wt.% ZIF-L-Co at 60 °C gives a H> permeability
up to 1985.9 Barrer, which is 6.8 times greater than that given by the neat polymers.

Keywords:

Leaf ZIFs; troger’s base polymer; mixed matrix membranes; hydrogen separation



Highlights

The addition of leaf ZIFs greatly enhances the gas transport properties of the MMMs;
The ZIF-L-Co is more efficient in promoting gas permeabilities than ZIF-L-Zn;

H> permeability was increased to up to 1235.5 Barrer with 20 wt.% ZIF-L-Co at R.T;
The separation performances exceed the Upper Bounds of H2/CO», H2/CH4 and Ha/No;

Increasing temperature leads to an increment in P(H2) by a factor of 4.3 (1985.9 Barrer).



1 Introduction

Hydrogen (H>), recognized as one of the cleanest energy sources, has been utilized as an energy
source in fuel cells or the starting materials for the syntheses of various chemicals [1-3]. The
demands for clean and sustainable energy have grown exponentially, and the hydrogen market,
which was valued at around $108.1 billion in 2016, has been estimated to reach $180.2 billion by
2025 [4]. Despite its abundance on earth, H cannot be obtained naturally, and the major production
technique currently is the steam methane reforming based on fossil fuel or natural gas [5-7]. The
synthesized H> needs to be purified from the H»/CO; mixture before being used in various
industrial applications (e.g., methanol or ammonia production). Generally speaking, in these
applications, the reactant H» needs to be separated from the product mixture and re-cycled to ensure
a high process efficiency and a high product yield. Therefore, H> separation from various gas
mixture is extremely crucial. Considering the huge market size, any improvement in H»
purification will bring significant benefits.

The gas membrane technology has a much lower energy consumption rate, smaller footprints and
simpler operation than the major conventional separation method (i.e., liquid absorption). However,
current Ha-selective polymeric membranes are limited to a few materials, since most polymeric
materials usually have very low H> permeabilities (< 100 Barrer) or H» selectivities (H2/N»
selectivity of ~ 2 for PTMSP and ~ 10 for PIM-1; H2/CHs selectivity of ~ 1 for PTMSP and ~ 10
for PIM-1) [8, 9]. According to the solution-diffusion theory, materials with high free volume and
narrow porous element distribution may achieve high H» permeability and high H» selectivity at
the same time. Therefore, recently developed materials with more free volume elements have been
intensively employed to realize higher gas diffusion and, thus, higher gas permeability without
sacrificing high selectivity. Based on the polymer structure, decreasing chain mobility by
introducing bulky and contorted units could generate more free volume and thus lead to better
separation performance [10]. This is mostly seen in polymers with intrinsic microporosity (PIM).
Since the excellent separation performance of PIMs was first reported [11], many contorted and
inflexible units have been developed and incorporated into polymer structure for membrane
separation purposes [12]. In 2013, Mckeown and coworkers found that PIMs containing bridged
bicyclic amine, usually called Troger’s base (TB), could have particularly high gas permeability
and considerably high gas selectivity, which exceed or are close to the Upper Bounds for several

gas pairs [13]. Further analysis was carried out and the results show that the dihedral angle at the
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center of the TB (120°) is much higher than that at the center of the spirobisindane (~ 90 ©), usually
known as units of PIM-1, thus resulting in more rigid chains, less efficient packing and higher gas
permeability. It is worth noting that the synthesis of TB units is relatively easy and simple, and the
resultant polymers are usually soluble in many organic solvents. Recent studies have enlarged the
family of TB-based polymers to include polyimide copolymer [14-18], or polymers containing
only TB units [19, 20]. These TB-based polymers generally have high gas permeability for small
molecules because of the contorted chains. In addition, due to their narrow distribution of free
volume elements, their selectivities for various gas pairs (e.g.: Ha/N2: ~ 50) are rather high
compared to other polymers with high gas permeabilities.

Recently, introducing inorganic materials into polymeric matrix has aroused plenty of attention as
it combines the excellent H» separation performance of the inorganic materials and the good
processability of polymeric matrix [21-24]. Some studies have reported this method’s
effectiveness in promoting the H» separation performance. Song et al. reported that by mixing two
different nanoparticles (nonporous SiO; and microporous ZIF-8) with PIM-1, H> permeability was
enhanced from around 3361 Barrer to 5456 Barrer with a slight increase in Ha2/N> and H2/CHy
selectivities [22]. The large increment in H> permeability is mainly as a result of the increased
diffusion, which could be explained by several factors. First, the incorporation of nanofillers
disrupts the packing arrangement of rigid polymer and, thus, changes the porous elements in the
membranes. The interfaces between the inorganic particles and the polymeric matrix also enhance
the gas diffusion. Moreover, the well-designed structure of these inorganic fillers may contribute
extra transport channels for H» transport. The authors compared two different nanoparticles and
found that the porous ZIF-8s could offer extra transport channels for small molecules like Ha, thus
obtaining higher H2 permeabilities, compared with the nonporous silica. The overall performances
surpass the Upper Bounds for several gas pairs, like H2/N> and Ho/CH4. But some well-designed
nonporous nanoparticles could also provide great benefits for this application. Wang and
coworkers incorporated the ZIF-Ls into a polyimide (PI) matrix for gas separation [23]. The gas
permeation results show this combination offers a greatly increased H» permeability and selectivity,
and these enhancements are mainly caused by the aligned interlayer channels in the 2D ZIF-L with
a size of 3.1 A, which could block the bigger molecules (i.e., CO2), but not the smaller ones (i.e.,

H>) that can pass freely.



Hence, in this work, the heterocyclic TB-based polymer was chosen as the polymeric matrix. Two
leaf-like ZIFs (ZIF-L-Zn and ZIF-L-Co) were incorporated into the TB-based polymer to prepare
a series of TB + leaf-like ZIFs MMMs. The influence of these leaf-like ZIFs on the material
properties and the H» separation performance of the resultant MMMs were studied. Various
methods, like thermal gravimetric analysis (TGA), Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscope (SEM) and single gas permeation experiments, were
employed. The gas transport properties, with respect to Ha, CO2, N2, and CH4, of the resultant
MMMs were systematically assessed, and the ideal selectivity for various gas pairs were also

studied. Moreover, the effects of permeation operating temperature were studied.

2 Experimental section

2.1. Materials

Zn(NO3)2-:6H20, Co(NO3)2:6H20 and 2-methylimidazole (Hmim) were ordered from Sigma,
Norway. Tolidine, dimethoxymethane (DMM), trifluoroacetic acid (TA), ammonium hydroxide
solution (28%) and methylpyrrolidone (NMP) were also purchased from Sigma, Norway.

Methanol was bought from VWR, Norway. All the chemicals were used without further treatment.

2.2. Leaf ZIFs and TB polymer synthesis

The preparation of ZIF-L-Zn followed the method developed by Wang et al. [25]. Typically, 0.59
g of Zn(NO3)2-6H20 and 1.30 g of Hmim were dissolved in 40 mL deionized (DI) water
respectively, and then the two solutions were mixed and stirred for 3 h at room temperature. For
the preparation of ZIF-L-Co, 0.7275g of Co(NO3)2:6H20 was dissolved in 50 mL DI water for 10
min, and 2.4025g of Hmim was dissolved in another 50 ml DI water for 10 min. Afterwards, the
two solutions were mixed and stirred for 30 min. White ZIF-L-Zn and purple ZIF-L-Co leaf were
obtained by filtering the respective mixtures using a vacuum filtration assembly (VWR) equipped
with a PVDF filter membrane (pore size of 0.65 um). The obtained ZIFs were dried in vacuum
oven for 12 hours at 60 °C.

The TB polymer was synthesized, according to a procedure reported previously by Li et al. [19,
20], as shown in Scheme 1. Under a N> atmosphere, 20 g o-Tolidine and 36 g DMM were mixed
in a 500 mL three-necked flask, which was placed in an ice-water bath. Afterwards, 200 mL of
trifluoroacetic acid (TFA) was added in drops into the mixture within 30 min. Thereafter, the

mixture was stirred at ambient conditions for 48 h. Then the polymerization was stopped by slowly
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pouring the solution into 2L aqueous ammonium hydroxide solution (5 wt. %). The precipitated
polymer was washed with excess DI water until the pH was close to 7, and then dried in a vacuum
oven for 12 hours at 80 °C. The polymer was further purified by dissolving in NMP (~10 wt.%)
and re-precipitating twice in methanol. Finally, the polymer was dried again in a vacuum oven for
12 hours at 80 °C.

CH;

CH,
DMM .O N
)y~ L
TFA NTn
H,C

CH,

Scheme 1 The polymerization of TB polymer.
2.3. MMMs fabrication

MMMs were prepared through a knife casting method. Typically, the desired amount of dried leaf-
like ZIFs were added into 5 ml NMP and stirred overnight until a well-dispersed suspension was
obtained. Then the desired amount of TB polymer was added into the ZIF suspension and the total
solid (i.e., TB + ZIFs) concentration was around 10 wt. %. Thereafter, the membrane solution was
cast on a glass plate using a casting knife (PA-4302, BYK-CHEMIE GMBH, Germany), with a
wet gap of ~ 600 um. The cast membrane was then heated to 80 °C in vacuum for 24 h to evaporate
NMP. To completely remove the solvent, the resulting membranes were immersed in methanol for
12 h at room temperature. Finally, the membranes were dried overnight in a vacuum oven at 60

°C.
2.4. Characterization

The morphology of the leaf ZIFs and MMMs was studied using a SEM (TM3030 tabletop
microscope, Hitachi High Technologies). Surface samples of MMMs were prepared using scissors
and cross-section specimens were prepared by breaking the samples in liquid N2. All the samples
were sputter-coated with gold for 2 minutes before SEM experiments to ensure good electrical
conductivity.

The thermal stability of the leaf ZIFs and the resultant MMMs was evaluated by TGA (TG 209F1
Libra, Netzsch). Samples with 10 ~ 20 mg were tested from room temperature to 800 °C in N>

atmosphere.



XRD (D8 A25 DaVinci, Bruker) was employed for the analysis of the crystallinity of the leaf ZIFs,
as well as that of the resultant MMMs. The source was offered by Cu (Ka radiation) and the
characteristic wavelength A is 1.54 A. The scans were taken in the 20 range from 5° to 75°.

FTIR spectroscopy was carried out using a Thermo Nicolet Nexus spectrometer with a smart
endurance reflection cell. The spectra averaged over 16 scans at a wavenumber resolution of 4 cm”
! from 550 cm™ to 4000 cm’!.

Single gas permeation tests were performed by the constant-volume variable-pressure method,
with a feed pressure of around 2 bar at various temperatures. The gas permeabilities (P) were

calculated as shown in equation (1):

P= [(%)t—m) B <%)1eak] ‘A "1/;' T (pu i pa) @

where P is the permeability (in Barrer), p, and p,, are the downstream and upstream pressure,

respectively, ¢ refers to time, V,; is the downstream volume, 4 means the effective permeation area

of membrane, R and T are the ideal gas constant and temperature, respectively, and / is the

thickness of membrane. The leakage rate dpd/ d¢ Was measured by isolating the membrane cell

under vacuum condition for a certain period. The thicknesses of all membranes were measured by
an ABS Digimatic Indicator (Mitutoyo, Suzhou, China). They were given by the average of more
than 10 measurements for each membrane. The permeability was the average values obtained from
at least 2 samples with a relative error of less than 10%.
The ideal selectivity of gas A over gas B (a,,5) was calculated using equation 2:
Pa
=4 2

Q4/B P, (2)

3 Results and discussion

3.1. Characterization of Leaf ZIFs

The SEM images of the morphology of the two as-prepared leaf ZIFs are shown in Figure 1 (A)-
(B). These ZIF-L-Zn and ZIF-L-Co display a leaf-like shape with a size of 1.3 x 5.4 pm and 1.6 X
5.6 um, respectively, similar with a previous report [25]. A BET surface area of 162.9 m?/g and
12.5 m?/g was obtained for ZIF-L-Zn and ZIF-L-Co, respectively, from N> adsorption experiments,
and these results are comparable to the values reported in the previous literature (BET surface area

lower than 200 m?/g for ZIF-L-Zn [25-27] and 20 m?/g for ZIF-L-Co [28]). Interestingly, both
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adsorbed N> amount (Figure 1(C)), and the surface area of ZIF-L-Co are lower than that of ZIF-
L-Zn. Regarding the identical structure and arrangement of the crystal units, the possible reason
may be the narrower interlayer channels of ZIF-L-Co. To further confirm the structure of these as-
prepared ZIFs, XRD analysis was employed. As shown in Figure 1(D), the obtained XRD curves
of both ZIFs are very similar to the reported experimental or simulated pattern by Wang and co-
workers. [25]. Because of the same crystal construction, the crystal units of both leaf ZIFs are
theoretically the same, which result in almost identical XRD patterns. The chemical nature of the
ZIFs is evaluated by FTIR spectroscopy, and the resultant spectra are displayed in Figure 1(E).
The main characteristic peaks of these ZIFs are associated with the Hmim units: the peaks at 1567
cm!, 1305 cm™! and 995 cm™! refer to the C=N bonds and C-N bond, respectively, and the broad
ones at 3500 — 2500 cm! suggest the N-H---N hydrogen bonds between Hmim units. Since these
ZIFs have the same organic ligand, their spectra are almost identical despite the different metal
ions. That is because that the absorbance peak of metal ions — Hmim is reported to be around 400

cm’! [29], which exceeds the tested range of the used FTIR.
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Figure 1 SEM image of A) ZIF-L-Zn and B) ZIF-L-Co, and the C) N; adsorption, D) XRD, E) FTIR and F) TGA
results of ZIF-L-Zn and ZIF-L-Co.

The thermal decomposition behaviors of both ZIFs are quite similar, as shown in Figure 1(F). A

small weight loss (< 3 %) is observed at temperature below 100 °C because of the remaining



solvent, followed by loss of structural water molecules and Hmim in the ZIFs [26, 27], which
explains the sharp decrease at temperature around 230 - 250 °C. Then there is a collapse in the
crystal structure of the ZIFs when the temperature reaches 500 °C, presented by the second sharp
slope. Generally speaking, the ZIF-L-Co starts losing structural units slightly earlier than the ZIF-
L-Zn. Considering that most applications of membrane gas separation have an operating
temperature of 60 °C or even lower, both ZIFs could fulfill the temperature requirements as

membrane materials.
3.2. Characterization of the MMMs

3.2.1. Physical and chemical property characterization

FTIR

FTIR analysis was employed to study the chemical nature of the as-synthesized polymer and the
resultant MMMs, and the results are presented in Figure 2. For the neat TB polymer, the
absorbance bands at 2900 — 3000 cm™ and 1450 - 1600 cm™ are associated with the C-H vibration
and the C=C vibration of the benzene ring, respectively. The C-N bonds in the heterocycles are
observed at 1320 cm™' [30], and no obvious peaks have been detected above 3000 cm™, suggesting
the absence of the amine groups and thus the desired formation of the heterocycles during
polymerization, which proves the successful synthesis of TB polymer. With the addition of leaf
ZIFs, these peaks become weaker, while those from ZIFs are more significant: the C=N bond and
C-N of Hmim ligand (1305 and 995 cm™! respectively). These results represent the successful blend
of the leaf ZIFs into TB polymer matrix.
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Figure 2 FTIR spectra of MMMs with different loading of A) ZIF-L-Zn and B) ZIF-L-Co.
XRD
In addition to the FTIR spectra, XRD results can provide valuable information for the MMMs
containing crystalline particles. Generally, in XRD results, the sharp and narrow peaks imply
higher crystallinity, while the broad and wide ones are usually associated with amorphous
materials. In Figure 3, the neat TB polymer has two broad peaks at 5° — 30° and around 41°, which
are the typical results for amorphous polymers. After the leaf ZIFs were introduced, some sharp
and narrow peaks appear, and the intensities of these peaks continue to increase with further
addition of ZIFs. Moreover, in the curves of the MMMs with low ZIFs loading, only a few peaks
related to the ZIFs are clear, like those at 7.3° and 29.5 °, while with further increase in ZIF content,
more peaks from the ZIFs can be observed, such as peaks at 10.4 °, 12.8 © and 18.0 °. All these
peaks can be found in the pattern of the neat leaf ZIFs. The ones at 7.3 ° and 18.0 © are assigned
with the (200) and (004) planes of leaf ZIFs [31]. These findings match the results of the FTIR
analysis, implying that these leaf ZIFs have been blended into the polymeric matrix.
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Figure 3 XRD results of MMMs with different loading of A) ZIF-L-Zn and B) ZIF-L-Co

SEM

In addition to the presence of the ZIFs, the dispersion of the ZIFs in the MMMs plays a great role
on the final performance, which can be observed using the SEM. The surface and cross-section
images of the MMM s with leaf ZIFs are displayed in Figure 4. The neat TB membrane (0% ZIFs)
has a uniform and homogenous surface, as well as the cross-section, and no visible defects can be
found. After adding leaf ZIFs, these presence of particles changes the morphology of the resultant
membranes, making the surface and cross-section more heterogeneous. The leaf ZIFs are wrapped
by the polymer chain in the membranes and have been found in the cross-section of the MMM,
even at low ZIF loading (as shown in Figure 4(B)). The dispersion of the ZIFs are quite
homogenous in the membranes since no apparent aggregation has been found. Moreover, from the
SEM images, no clear agglomeration has been detected, suggesting the relatively good

compatibility between these leaf ZIFs and TB polymer.
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Figure 4 SEM images of MMM:s containing A-D) ZIF-L-Zn and E-G) ZIF-L-Co.

TGA

The thermal stability of the membranes with leaf ZIFs was studied by TGA, and the results are
displayed in Figure 5. For the neat TB polymer, a small amount of weight loss (< 2%) is observed
at a low temperature range (R.T. to 100 °C), mainly because of the remaining methanol. Afterwards,
the mass remains constant until the temperature reaches ~ 400 °C, denoting the superior thermal
stability of the neat polymer. These MMMs have similar decomposition behavior to the neat
polymer: a small weight loss at low temperature due to the remaining methanol, followed by a
plateau (100 - 400 °C) and then the steep slope starting around 400 °C. The Tonset decreases with
ZIF addition, due to the relative lower decomposition temperature of the ZIFs. However, the
changes in Tonset are very small, especially for the one with 20 wt.% ZIFs. Considering that the
first compound to decompose in ZIFs is the structural water, referring to the weight loss at 150 —
250 °C, this enhanced thermal stability may be explained by the removal of structural water inside

ZIFs during methanol immersion step, thus leading to an increase in Tonset.
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Figure 5 TGA results of MMMs with different loading of A) ZIF-L-Zn and B) ZIF-L-Co.

3.2.2. Gas permeation study

The effect of leaf ZIF loading

The gas separation performances of the MMMs containing leaf ZIFs were evaluated by single gas
permeation tests at room temperature with a feed pressure of 2 bar. The gas permeabilities of the
membranes with various ZIFs loading are presented in Figure 6. The neat polymeric membrane
has a H» and CO; permeability of 290.2 and 148.3 Barrer, respectively, in agreement with the
values reported in the literature [20]. With the addition of leaf ZIFs, the permeabilities of all
investigated gases increase monotonously with ZIF loading. For instance, the addition of ZIF-L-
Co (20 wt.%) leads to a 326% and a 272% increase in H» (1235.5 Barrer) and CO> permeability
(551.6 Barrer), respectively. This significant increment in gas permeability is mainly contributed
by the lamellar structure inside these leaf-like ZIFs [25]. Theoretically, the lamellar gaps in 2D
ZIFs work as fast shortcuts for those gases small enough to pass through, while for the bulky gases,
roundabout pathways must be taken to detour these barriers. As a result, the enhancement in
permeability should be negatively related to the gas size, which means smaller gases, like H2 (2.89
A) and CO; (3.3 A), benefit more from the addition of leaf ZIFs than N2 (3.64 A) or CH4 (3.8 A)
[23]. This explains the large enhancement in Hz and CO; permeability. However, the permeation

results follow the opposite trend. The increment in permeability for larger gases is higher than that
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for their smaller counterparts. For example, still for membranes with 20 wt.% ZIF-L-Co, 7.5-fold
and 8.1-fold increments in N> and CHy4 permeability are observed, respectively. These results
imply the presence of micro-void between the fillers and the polymeric matrix, and the
nonselective pathway leads to decreased selectivities, as shown in Figure 7. The Ho/N> and
H2/CHa selectivities decrease from 49 to 27 and 50 to 25, respectively, in the presence of 20 wt.%
ZIF-L-Co. For CO2/N2 and CO2/CHy selectivities, the values decrease by around 50 %, from 24 to
12 and 25 to 11, respectively, while for H»/CO; pair, both gases have similar transport mechanisms,

so the selectivity remains almost unchanged.
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Figure 6 Gas permeabilities of MMMSs with different loading of A) ZIF-L-Zn and B) ZIF-L-Co.

It is well known that, in addition to the filler content, different ZIFs in MMMs will lead to different
gas separation performances, mainly due to the different crystal structure, the chemical nature, the
interaction with gas species and the compatibility with the polymeric matrix. In this work, although
both leaf ZIFs have identical crystal structure and similar chemical compositions, there still exists
some difference between the gas separation performance of MMMs containing ZIF-L-Zn and that
of those containing ZIF-L-Co. For all gases, the permeabilities of membranes with ZIF-L-Co are
obviously higher than those of membranes containing ZIF-L-Zn. For instance, the membrane
containing 20 wt.% ZIF-L-Zn only has H> and CO; permeabilities of 897.5 and 475.4 Barrer,
respectively. MMMs with the same amount of ZIF-L-Co display a Hz and CO: permeabilities of
1235.5 and 551.6 Barrer, which is 37% and 16% higher than the MMM with Zn-based ZIF,
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respectively. These increments in gas permeability of MMMs may be explained by the interlay
channels existing in these 2D leaf-like ZIFs, working as shortcuts for transport of small molecules
through the membranes [23, 25, 32]. The higher gas permeability of the MMMs containing ZIF-
L-Co may be explained by several factors. First, despite the same crystal structure and organic
linker, the Co-N bonding is stiffer than Zn-N bonds, and thus results in a more rigid framework
and smaller aperture (3.3 A of ZIF-67 compared with 3.4 A of ZIF-8) [33]. Hence, the pores of the
molecular sieve of Co-based ZIFs is smaller than that of Zn-based ZIFs, promoting more benefits
for H, and CO,. Moreover, it has been reported that the interactions between CO, and Zn?" are
stronger than those between CO; and Co?*, and hence slow down CO> transport inside the MMMs
containing ZIF-L-Zn, as reported in a very recent work [34]. On the other hand, there are far less
differences in the effects of the addition of these two ZIFs on gas selectivities. The membranes
with ZIF-L-Co display slightly higher, or almost same, selectivities for all investigated gas pairs
than the ones with ZIF-L-Zn, suggesting that the differences in the chemical compositions of leaf
ZIFs have little effects on the N> or CH4 permeabilites. These results suggest that the N, or CHs
diffuse mainly through the polymeric matrix; therefore, the microstructure of ZIFs has negligible

influences on their permeabilites.
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Figure 7 Gas selectivities of TB + A) ZIF-L-Zn and B) ZIF-L-Co membranes with a function of filler content

To confirm these speculations, the diffusivity and solubility of these MMMs were calculated, and
are presented in Figure 8 and 9, respectively. Because of the extremely fast transport, the time-lag

curves of Hz are unnoticeable, and hence the related results are not included here. For the other
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gases, increased gas diffusivities are observed with the addition of both leaf-like ZIFs. But the
ZIF-L-Co brings about larger increment in the diffusivities of these gases (i.e., CO2, N2, and CHy),
especially CO2, compared with ZIF-L-Zn. However, there are less obvious differences in the
effects of adding these two ZIFs on the solubility of the gases. The added ZIF-Ls generally
decrease the solubility, but these changes are much less compared with the changes in gas diffusion.
These results suggest that the main reason for higher gas permeability of MMMs with ZIF-L-Co
is the greatly enhanced diffusivity, which agrees with previous discussion. However, considering
that the sizes of N> and CH4 are larger than the pore size of the ZIF-L-Co, higher diffusivities of
N2 and CH4 were found in TB + ZIF-L-Co membranes than in TB + ZIF-L-Zn membranes. This
may be explained by the gate-opening effects [21, 35, 36], which assumes that these MOFs are
flexible and would allow some of the large molecules to pass through, in agreement with the fact

that the increment in CHs diffusivity is less than the gains of N, diffusivity.
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Figure 8 Gas diffusivity of TB + A) ZIF-L-Zn and B) ZIF-L-Co membranes with a function of filler content
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The effect of operating temperature

The ability to efficiently separate gas mixture at relatively high temperature is of great value to
some applications, especially for hydrogen separation, which can greatly reduce energy
consumption. Moreover, increasing operating temperature usually results in an enhancement in
gas diffusivity and thus gas permeability. Due to the high gas permeabilities, the membrane with

20 wt.% ZIF-L-Co was chosen to investigate the effect of temperature.

The permeabilities of all the gases increase greatly with temperature for TB + 20 wt.% ZIF-L-Co
membrane, as shown in Figure 10 (A), and this is a typical behavior of diffusion-dominated gas
transport in the membrane. At 60 °C, the H, permeability increases to 1985.9 Barrer, which is 161%
of the value obtained at room temperature. It is worth mentioning that the effect of temperature on
gas permeability of TB polymer was studied by Fan et al., and the results revealed that an
increment of ~ 120 % was obtained [20]. Therefore, it is believed that the high value obtained in
the present study was mainly because of the fast transport channel brought about by the leaf ZIF-
L-Co. All of the gas selectivities in the same work reported by Fan et al. decrease with increasing
temperature, except for H2/COz selectivity which showed a marginal increase [20]. Neat TB
polymer only retains around 65 — 84 % of selectivities of these gas pairs at 65 °C, compared with
the values at 35 °C [20]. A similar trend has been observed in our case; selectivities of almost all

the gas pairs decreased as temperature increased from RT to 60 °C. The activation energy of gas
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permeabilities (Ep), shown in Table 1, was calculated using Arrhenius equation. The E, is
composed of two parts: the activation energy of diffusion (£,) and the heat of sorption (H;), which
are usually positive and negative in value, respectively. Hence, the positive E, means that Eq is
higher than Hs. Moreover, the activation energy increases with the kinetic diameter of gases,
signifying that the larger molecules obtain more benefits from the increased temperature, and that

explains the decreased selectivities.
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Figure 10 A) Gas permeabilities and B) selectivities of TB + 20% ZIF-L-Co as a function of operating temperature

Table 1 Activation energy of permeability of the different gases in TB + 20 % ZIF-L-Co membranes.

Gas Hz COz Nz CH4
E, (kJ/mol) 11.2 17.0 28.8 32.6

Comparison with the Upper Bounds

The Robeson Upper Bounds have been widely used as benchmarks for the newly developed
membrane materials. The gas separation performances of each membrane obtained in this work
have been compared with the corresponding Upper Bounds, as shown in Figure 11, as well as the
performances of some representative MMMs, as presented in Table 2. As discussed previously,
the addition of leaf ZIFs results in enhanced gas permeability and reduced selectivities. Therefore,
in all figures, the data points move to the bottom right corner with increasing ZIF content or

operating temperature. Despite the decreased selectivity, the TB + ZIF-L-Zn membranes seem to
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be more promising for H» separation applications (e.g., H»/CO2, H2/CHa, and H2/N»), since all

obtained H separation performances are close to or even surpassed the Upper Bounds, while for

CO; separation applications, even though a rather high CO, permeability was obtained, the

relatively low CO2/N2 and CO2/CHys selectivities (10 ~ 20) result in separation performance lower

than the Upper Bounds.
Another interesting finding in this study is that the MMMs with ZIF-L-Co are more efficient in H>

separation than MMMs with ZIF-L-Zn because they have both higher H, permeability and

selectivity. However, for CO» separation, this difference is almost negligible.
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Figure 11. Comparison of the pure gas permeation results of the MMM s in this work with the Robeson Upper

Bounds (2008).

Table 2. H, separation or CO; separation of relevant mixed matrix membranes reported in literature

Permeability
Selectivity (--) Reference
Membranes (Barrer)
Ha CO> H,/CO; Ho/N, H/CHs CO2/N2  CO»/CHg
6FDA-DAM + 20
272.4 - 1.1 - 32.8 - - [37]
wt% ZIF-112
PIM-1 + 30 wt.%
5456 6424 0.8 17.9 14.8 21.1 17.4 [22]

ZIF-8
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TOX-PIM-1 + 20

3465 3944 0.9 24.9 23.6 28.3 26.8
wt.% ZIF-8 ®
PIM-1 + 40 wt.%
5544 8505 0.6 9.5 6.7 14.6 10.2
SiO, *
TOX- PIM-1 + 20
2816 2615 1.1 28 35 26.0 32.5
wt.% SiO; °
Matrimid + 15 wt%
535 - 9.1 - - - - [38]
ZIF-11°
1214
6FDA-DAM + 8 wt% (CO2/N2)
794 - - 21.8 24.4 31.5 [39]
Mg-MSS ¢ 1245
(CO2/CHa)
6FDA-Durene + 10
540 - 62.5 - - - - [21]
wt.% ZIF-71 ©
6FDA-DAM/HAB +
260 19.4 13.4 414 61.6 3.1 4.6 [23]
20 wt% ZIF-L f
TB-PI + 30 wt.%
2585 1437 1.8 22 28 12 16
ZIF-8 &
[24]
TB-PI + 30 wt.%
1858 1056 4.3 27 36 14 20
PD@ZIF-8 &
PBI 58 wt.% Pd " 66 - 33 - - - - [40]
TB + 20 wt%
) 897.5 475.4 1.9 25 23 13 12
ZIF-L-Zn!
TB + 20 wt% 1235. This
) 551.6 2.2 27 25 12 11
ZIF-L-Co’ 5 work
TB + 20 wt% 1985.
) 1131.5 1.8 12 10 7 6
ZIF-L-Co’

a

: single gas permeation test, feed pressure: 4 bar, 30 °C
b: single gas permeation test, feed pressure: 4 bar, 22 °C
¢: mixed gas permeation test, feed: H»/CO, (25/75 vol), 3.3 bar; sweep: Ar, 1.24 bar; 200 °C

d: Mg-MSS: Grignard surface functionalized mesoporous silica MCM-41 spheres; mixed gas permeation test, feed:

50/50 vol for all gas pair, 3.0 bar; sweep: Ar or He, 1.0 bar; 35 °C

°: mixed gas permeation test, feed: H»/CO; (50/50 vol), 7 atm; vacuum; 35°C- 150°C.
!: single gas permeation test, feed pressure: 1 bar, room temperature

& single gas permeation test, feed pressure: 1 bar, 35 °C

h: mixed gas permeation test, feed: Hy/CO» (50/50), 10 bar; sweep: N, 1 bar; 200 °C

J: single gas permeation test, feed pressure: 2 bar, room temperature
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4 Conclusions

In this work, a series of heterocyclic TB-based polymeric membranes, with two 2D leaf ZIFs (ZIF-
L-Zn and ZIF-L-Co) incorporated, have been fabricated and systematically studied using various
characterization methods. The relevant characterization results show that both leaf ZIFs have good
compatibility with the TB membranes. In addition, all resultant MMMs have excellent thermal
stability.

The incorporation of 2D leaf ZIFs results in great enhancement in gas permeabilities for all
investigated gases. The addition of 20 wt.% ZIF-L-Co brings about a highly permeable membrane
with Hz and CO; permeability of 1235.5 Barrer and 551.6 Barrer, respectively, which are 4.3 times
and 3.7 times of the corresponding gas permeabilities in the neat polymeric membranes. It has also
been noticed that the metal centers of the ZIFs could affect their microstructure and therefore the
gas transport properties of the resultant MMMs. The Co-based ZIF results in larger increments in
gas permeabilites without sacrificing the selectivities, especially for H», the smallest gas studied
in this work, compared with the Zn-based ZIF. Due to the largely increased H» permeability, all
MMMs fabricated using both ZIFs exhibited H> separation performances close to or surpassing
the 2008 Robeson Upper Bounds.

The effects of operating temperature (R.T. to 60 °C) on the gas transport properties of the MMMs
with 20% ZIF-L-Co were also evaluated. The increasing temperature could further raise the gas
permeabilites: at 60 °C, the Hz permeability reaches 1985.9 Barrer, which is 684% of the values
of the neat polymer. In view of the economic consideration and previous process simulation
analysis, these highly permeable membranes with moderate selectivity may be an excellent
candidate for some industrial applications.

Overall, this work reveals that the metal centers of the ZIFs affect not only the material properties,
but also the gas separation performances of the resulting MMMs. Hence, more in-depth studies
related to the effects of the chemical structures, especially the metal ions, of the ZIFs on the gas
separation performance of the corresponding MMM s are worth undertaking, from which the ZIFs

with better gas separation performances could be developed.
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