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Abstract 

A series of mixed matrix membranes (MMMs) using nanoparticles involving carbons, porous 

organic polymers and metal organic frameworks were prepared to investigate the  impact of 

water vapor on CO2 separation performance.  The water uptake of MMMs using hydrophilic 

MOFs increased relative to more hydrophobic particles such as POP and carbons and this 

trend was reflected in the water vapor permeability, which varied by a factor of three between 

the hydrophobic and hydrophilic MMMs.  These changes in water vapor permeability were 

strongly correlated with the water solubility, indicating that it is this solubility that is the 

controlling parameter.  The calculated water diffusivity was consistent with previously 

published results.  The gas permeability of MMMs in the presence of water vapor was also 

strongly affected by the nanoparticle hydrophobicity, with membranes composed of 

hydrophobic fillers out-performing hydrophilic fillers of comparable porosity.  However in 

general, the differences in performance between MMMs and the pure polymer narrowed in 

the presence of water vapor.   

 

Keywords: Water; Mixed matrix membrane; solubility; diffusivity; carbon capture 
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INTRODUCTION 

Global warming has emerged as one of the serious environmental problems all over the world.  

This problem results from an increase in the emissions of greenhouse gases such as carbon 

dioxide (CO2), methane, and perfluorocarbons to produce the requisite energy for our daily 

life.  The separation of CO2 from large emission sources such as power, iron and cement 

plants and its subsequent storage (i.e., carbon capture and storage) would reduce the total CO2 

emissions [1, 2].  Applications for clean energy production involving hydrogen recovery[3, 

4], natural gas sweetening [5, 6] and methane recovery from biogas [7] also require the 

separation of carbon dioxide and have received much attention in recent years.  Polymeric 

membrane-based separation technology is an attractive approach to such gas/vapour 

separation due to its ease of operation, energy efficiency and cost-effectiveness, relative to 

absorption, adsorption, and cryogenic distillation, and has been applied in industrial 

applications [2, 8, 9].  However, minor components in the gas processing stream can have a 

large impact on the separation performance of these membranes [10].  In particular, water 

vapor is almost always present in industrial gas streams.  This water vapor can cause a 

reduction in the CO2 separation performance through competitive sorption and water 

clustering effects as the water molecules in the membrane occupy free volume that would 

otherwise be occupied by CO2 [11, 12]. 

Generally, polymer membranes are easier to fabricate and more cost-effective than 

inorganic membranes.  However, conventional polymeric membranes for gas separation 

have a typical tradeoff relationship between gas permeability and selectivity [13, 14].  An 

effective strategy to overcome this trade-off involves the use of polymer composites, so called 

mixed matrix membranes (MMMs), which combine the benefits of both polymer substrates 

and organic and/or inorganic fillers [15, 16].  MMMs have become attractive for gas 

separation applications in recent years not only because of their enhanced thermal, chemical, 
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and mechanical stability, but also their improved gas permeation/separation properties, when 

compared to homogeneous polymer membranes.  To data, a large number of MMMs using 

carbon [17-21], zeolite [22-25], silica [26-30], metal organic frameworks (MOF) [31-33] and 

porous organic polymers (POP) [34] have been shown to be promising candidates for gas 

separation applications.  Carbon materials are likely to be available at more moderate cost 

than other additives such as MOFs [35, 36].  MOFs and POPs have been widely investigated 

for gas storage and catalysis applications in recent years [37-41].  The stability of these 

materials is also of critical concern.  For example, Zr (IV)-based MOFs such as UiO-66 

[Zr6O4(OH)4(BDC)6] and its functionalized derivatives have been identified as more 

thermally and chemically stable than other MOFs [42].  In addition, UiO-66 has been shown 

to be very stable under 90RH% at 40°C, while surface degradation was observed in Cu-BTC 

under the same conditions [43].  These issues are further elaborated in a recent review paper 

[44].  Porous organic polymers (POPs) might be expected to be more hydrophobic and 

recently a triarylamine-based POP has indeed been shown to display a low water uptake [41].  

In general, these MMMs are tested in isolation and are rarely compared to each other.  

Herein, a comparative study of the effect of water impact on the CO2/CH4 separation 

performance through various MMMs containing a variety of different nanoparticles involving, 

carbon, MOF, and POP has enabled important new insights into the factors that impact 

membrane performance.  The use of processing conditions consistent with those that might 

be observed in natural gas or biogas processing provides an indication of membrane 

performance under such conditions [45].   

 

EXPERIMENTAL  

Materials 

Aromatic polyimide, Matrimid
®
5218 (3,3,4,4-benzophenone tetracarboxylicdianhydride 
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diaminophenylidane) polyimide was purchased from Huntsman Advanced Materials Americas 

Inc, America for use as the host matrix.  The Matrimid was purified by solution and 

re-precipitation using methanol (Analytical reagent, Chem-Supply, Australia) and 

dichloromethane (DCM, Analytical reagent, Chem-Supply, Australia).  Graphitized 

mesoporous carbon (Carbon A), mesoporous carbon (Carbon B), and ZIF-8 (Basolite Z-1200) 

were purchased from Sigma-Aldrich Inc., America.  Carbon C was produced from briquetted 

Victorian brown coal via mild steam activation at 800 °C for 90 min, in a fixed bed reactor 

under a flow of N2/H2O (3 L/min and 0.25 cm
3
/min, respectively).  POP-2 [46], Cu-BTC 

([Cu3(BTC)2]3H2O, also known as HKUST-1 where BTC = benzene-1,3,5-tricarboxylate) 

[47], and UiO-66 [48] were synthesized in house according to the previous literature.  All 

polyimide and commercial nanoparticles were dried at 100°C overnight under vacuum to 

remove moisture before use. 

 

Membrane Preparation 

Pure Matrimid and MMMs were prepared by a solvent casting method.  The loading of 

nanoparticle was calculated based on the following equation; 

Filler loading (wt%) = 100
 fillerpolymer

filler

ww

w
                (1) 

where wpolymer and wfiller are weight of polymer and filler, respectively.  DCM solutions of 3-4 

wt% filler and polymer were separately prepared.  These separate solutions were stirred 

overnight at room temperature and then sonicated (Unisonics, Australia) for 30 minutes 

within an ice bath.  The well dispersed solutions were mixed together and then again treated 

by physical stirring overnight and ultrasonication for 30 minutes.  Base Matrimid 

membranes and mixed matrix membranes of different filler loadings (e.g. 10, 20, and 30 wt%) 

were prepared from such solutions by a standard casting method [49].  A homogeneous 

polymer/filler solution was cast onto a glass petri dish which was covered to prevent 
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contamination and left at room temperature for 24-48 hours.  The homogeneous membranes 

were then removed from the petri dish using a small amount of distilled water.  The 

membrane was placed in a vacuum oven at 35°C for 24 hours and further dried at 100°C for 

24 hours.  The thickness of the well-dried membrane was on average 80 μm, as measured by 

a micrometer (IP65, Mitsutoyo, Japan), giving an accuracy of ± 1 μm. 

 

Characterization  

Nitrogen adsorption–desorption measurements of the nanoparticles was conducted on a 

ASAP2010 (Micromeritics, USA) apparatus at 77 K.  The internal surface area was then 

calculated by the BET method [50].  The particle size distribution of the nanoparticles was 

measured by dynamic light scattering (DLS) using a Zetasizer 2000 (Malvern, UK) 

instrument.  The membrane density (ρ) was determined based on the Archimedean principle 

using an analytical balance (Mettler Toledo AB204-5) at room temperature (23 ± 1°C) [51],  

The water uptake of the membrane was determined by immersion in purified water at 35 ± 

1°C until equiribrium water sorption was attained.  The water uptake was calculated based 

on the following equation; 

Water uptake (wt%) = 100


dry

drywet

w

ww
                     (2)  

where wwet and wdry are the weight of a water-swollen membrane at equilibrium state and a 

well-dried membrane respectively. 

Dry and humidified gas permeability in mixtures of 10% CO2 in CH4 were determined at 

35 °C and 7.5 bar by a constant pressure variable volume apparatus designed and built 

in-house [12].  For all gas permeability measurements helium was used as a sweep gas on 

the permeate side.  CO2 and CH4 permeabilities were determined through a mass flowmeter 

(GFC mass flowmeter, Aalborg, USA), and gas chromatography (CP-3800, Varian, Inc., 

Australia).  Water permeability was also measured through humidity probes (HMT, Probe 
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type 334 Vaisala Oyj, Finland) on the feed and permeate side.  Concentration polarization 

can readily occur under humidified conditions due to the formation of a concentration 

gradient at either surface of the membrane, as water permeates much faster than other gases 

[12, 45, 52, 53].  To eliminate these effects in the present work, stainless steel wool was 

placed on both sides of the membrane to increase turbulence within the boundary layer. 

Further, the feed and sweep permeate flowrates were increased to a point where the 

measurement was independent of this parameter.  Under these conditions, the water vapor 

concentration on the membrane surface approaches the bulk concentration.  In the present 

case, a feed flowrate of 1.6 L/min and a helium sweep gas flowrate of 50 ml/min was used to 

eliminate such concentration polarization.  The water activity, α or relative humidity was 

determined by 

sat

OH

p

p
2                               (3) 

where pH2O is the water vapor partial pressure and psat the saturation water vapor pressure at 

35
o
C (5.64 kPa). 

 

RESULTS AND DISCUSSION 

Characterization 

The nanoparticle properties are summarized in Table 1.  The crystal density of the 

nanoparticles is cited from manufacturer information and the literature [33, 54-56].  The 

surface area increases with increasing pore volume, consistent with data reported for MOFs 

and carbon aerogels [57, 58].  The membrane density of pure Matrimid and 20 wt% MMMs 

are summarized in Table 2.  The density of pure Matrimid was 1.223 g/cm
3
, which is in good 

agreement with the literature value [59].  The fractional free volume (FFV) in each 

membrane can be determined from the density of the membrane, the base polymer and the 

nanoparticles using a previously established method [60] and this data is also presented in 
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Table 2.  We have previously shown that the permeability of pure single gases through these 

membranes can be correlated directly to this FFV value, suggesting that the gas transport 

mechanism of these MMMs at low feed pressure is controlled by the gas diffusivity [60]. 

Figure 1 presents the water uptake values of MMMs as a function of filler loading, 

while Figure 2 shows how this uptake varies with pore volume.  The water uptake value of 

pure Matrimid is 2.8 wt% at 35°C which is in good agreement with the reported value [61].  

The water uptake of the MMMs reflects the nature of the fillers with the water uptake values 

for Carbon A and for POP-2 membranes below that of the host matrix.  On the other hand, 

the water uptake of other membranes increased with increasing filler loading.  The highest 

water uptake was observed in Cu-BTC and in UiO-66, related to the high porosity of these 

materials (Table 1 and Figure 2) and the presence of hydroxyl groups coordinated into each 

structure [43, 44].  The pore volume for the hydrophobic ZIF-8 and POP-2 materials is less 

important, with little correlation with this parameter seen in Figure 2.  Changes in pore 

volume probably contribute to the differences in water uptake for the three carbon materials.  

Water uptake in activated carbon materials is usually related to a combination of both pore 

volume and the extent of surface oxide functionalization [62, 63].  

 

Water vapor permeation and its impact 

Figure 3 presents the water vapor permeability through the MMMs compared to the base 

polymer, Matrimid.  As has been observed previously, the water vapor permeability of 

Matrimid increases as water activity increases, ranging from 3200 to 3750 in CH4 and from 

3650 to 3900 in 10% CO2 in CH4.  This increase is generally related to the increase in the 

water vapor solubility at higher humidities [12, 64, 65].  In addition, the water vapor 

permeability of all membranes in a stream of 10% CO2 in CH4 at a water activity of 0.8 is 

about 10% higher than that in a pure CH4 gas.  This is because the CO2 induces some 
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membrane plasticization.  The water permeability of the MMMs at these humidities varied 

from 2800 to 9400 barrer in humidified CH4, and from 2900 to 10000 barrer in 10% CO2 in 

CH4; giving an over threefold difference in permeability between the hydrophobic and 

hydrophilic MMMs.  This data is plotted on a Robeson׳s plot for H2O/CO2 in Figure 4.  The 

slope of the theoretical upper bound of H2O/CO2 is calculated using the approach from 

Freeman (1999) [14].   The Matrimid-based MMMs exist below the upper bound for these 

gas pairs, which is similar to the performance of other aromatic polyimides.   

It should be noted that this data is collected with a dry sweep gas, so that the water 

concentration within the membrane varies significantly across the cross-section. In turn, this 

means that the degree of plasticization of the Matrimid matrix and the extent of water 

clustering also varies.  As noted by Koester et al., increases in the permeate humidity will 

change the nature of both plasticization and clustering and will likely lead to changes in the 

data [52].  Similarly, changes to the thickness of the membrane could also change the 

recorded permeability [66].  However, the influence of the nanoparticle within the mixed 

matrix structure should remain unaffected.   

It should also be noted that these results are recorded in a gas stream that contains relatively 

low partial pressures of carbon dioxide.  At higher partial pressures, the water permeability 

through the Matrimid matrix is likely to increase, particularly at lower water humidities, 

reflecting additional plasticization or swelling from this gas [12].  In turn, this is likely to 

lead to an overall increase in the MMM permeability. 

The water vapor permeability of the 20 wt% MMMs at  = 0.8 is strongly correlated 

with the water uptake (water vapor solubility at α = 1.0) as presented in Figure 5.  This graph 

shows that there is a linear relationship between the water permeability (P) and the water 

solubility (S).  If the permeability can be described by the simple relationship P = D×S, then 

the gradient of this line can be considered as an estimate of the water diffusivity in these 
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systems.  Indeed, the calculated values of this gradient (3.41 ± 0.15 × 10
-8

 cm
2
/s in pure CH4 

and 3.63 ± 0.16 × 10
-8

 cm
2
/s in 10% CO2 in CH4) are highly consistent with previously 

published values of the water permeability through pure Matrimid at  = 0.8 (3.05 × 10
-8

 

cm
2
/s) [11].  This result suggests that the water vapor permeability through Matrimid-based 

MMMs is determined by the water vapor solubility rather than the diffusivity.  This result is 

in contrast to our previous work which showed that the permeability of light gases such as 

CH4 and CO2 was dominated by the diffusivity, with increases in permeability directly 

correlated with increases in free volume [60].  The slight increase in diffusivity for 10% CO2 

in CH4 relative to pure CH4 may result from CO2 induced plasticization, although the 

difference is within the experimental error margin. 

Figure 6 presents the CO2 and CH4 permeability, and CO2/CH4 selectivity under 

humidified conditions at 35°C for each MMM.  As has been previously described, the water 

vapor causes a loss of both permeability and selectivity for these light gases in pure Matrimid, 

due to a combination of competitive sorption and water clustering (antiplasticisation), which 

reduces the diffusivity of the gases [11].  In the present case, the loss of permeability is 

greater for the more hydrophilic MMMs such as Cu-BTC, UiO-66, and ZIF-8, while that for 

the hydrophobic POP-2 and carbon nanoparticles is less.  These changes in the gas 

permeability again reflect changes in the water solubility, which affect the extent of both 

competitive sorption and water clustering.  The changes in CO2/CH4 selectivity for all 

membranes is of the order of 10% of the base value and within experimental error, no clear 

trend can be established.   

The net impact of water on the Robeson's plot for CO2/CH4 is provided in Figure 7.  

While MMMs with the highly porous Cu-BTC provide the best performance in a dry system, 

this behaviour is reversed once water is added.  Under these circumstances, the more 

hydrophobic, but still porous filler materials, such as POP-2, Carbon C and ZIF-8 provide 
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better results.  The poorest performance is provided by materials that are either hydrophilic 

or lacking in free volume.  In general, the performance of all MMMs is closer to that of pure 

Matrimid and hence it may be difficult to justify the added expense of manufacturing these 

materials relative to a simple polymer.   

CONCLUSIONS 

Matrimid-based MMMs using a range of nanoparticles were prepared and tested in the 

presence of water vapor.  Incorporation of hydrophobic nanoparticles such as Carbon A and 

POP-2 into the polyimide matrix decreased the water uptake values, suggesting that the 

membranes were becoming more hydrophobic.  A linear correlation was observed between 

the water vapor permeability of MMMs and the water vapor solubility and the gradient of this 

line indicated a water diffusivity consistent with published results.  The presence of water 

vapor in the feed gas leads to a drop of gas permeability of all MMMs, however, the impact is 

less for the more hydrophobic materials.  These results suggest that MMMs prepared using 

highly porous, hydrophobic nanoparticles can be effective in gas separation applications such 

as natural gas sweetening, biogas purification and post-combustion carbon capture, when 

water vapor is present as an impurity.  However, the advantages of a MMM reduce in these 

circumstances and a case to prepare these more complicated structures would need to be 

carefully assessed.  
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Figure Captions 

Fig. 1.  Liquid water uptake of MMMs at 35
o
C, as a function of filler loading. 

Fig. 2. Liquid water uptake of MMMs at 35
o
C, as a function of pore volume of the 

nanoparticles. 

Fig. 3. Water vapor permeability of Matrimid and 20wt% MMMs at water activity of 0.8, at 

35°C.  The balance gas is (a) CH4 and (b) mixed 10% CO2 in CH4. 

Fig. 4.  Robeson׳s plot of water vapor (H2O) against CO2 in polymeric membranes, 

highlighting the position of pure Matimid (PI) and 20wt% MMMs relative to the 

upper bound.  

Fig. 5. Water vapor permeability of 20 wt% MMMs at water activity of 0.8 as a function of 

water vapor solubility (at a water activity of 1.0). 

Fig. 6. (a) CO2 and (b) CH4 permeability, and (c) CO2/CH4 selectivity of 20 wt% MMMs at 

water activity of 0.8 at 35°C, relative to that of the same membrane in a dry gas.  

The balance gas is mixed 10% CO2 in CH4. 

Fig. 7. CO2/CH4 separation performance of 20 wt% MMMs at (a) dry pure gas (b) dry 

mixed 10% CO2 in CH4, and (c) humidified mixed 10% CO2 in CH4 at 35°C. 

 

Table Captions  

Table 1  Physical properties of the nanoparticles 

Table 2  Physical properties of pure Matrimid and 20 wt% Mixed Matrix Membranes 
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