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Abstract 

 This report explores possible methods of improving CO2 selectivity in polymer 

based membranes.  The first method investigated using basic nanoparticles to enhance the 

solubility of acid gases in nanocomposite membranes, thus enhancing the overall acid 

gas/light gas selectivity (e.g., CO2/H2, CO2/CH4, etc.).  The influence of nanoparticle 

surface chemistry on nanocomposite morphology and transport properties will be 

determined experimentally in a series of poly(1-trimethylsilyl-1-propyne).  Additional 

factors (e.g., chemical reaction of the particles with the polymers) have been considered, 

as necessary, during the course of the investigation.  The second method investigated 

using polar polymers such as crosslinked poly(ethylene oxide) and poly(ether-b-amide) to 

improve CO2 sorption and thereby increase CO2 permeability and CO2/light gas 

selectivity.  For both types of materials, CO2 and light gas permeabilities have been 

characterized.  The overall objective was to improve the understanding of materials 

design strategies to improve acid gas transport properties of membranes. 
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1.  Introduction 

 

There is a significant need for economical, environmentally benign methods of 

removing acid gases from mixtures with light gases.  Numerous industrially important 

gas separations require the removal of acid gases from light gases.  Such separations 

include CO2 removal from natural gas1 and from steam-reformed H2.2 Many times, these 

and other separations require the removal of acid gases such as H2S and SO2 in addition 

to CO2.   

There are many disadvantages to current acid gas removal technologies.  Amine 

scrubbing columns [ASC], physical solvent processes [PSP], and pressure-swing 

adsorption [PSA] are generally used to remove acid gases from valuable product gas 

streams.2   Each of these technologies has significant drawbacks, such as high capital 

cost, complexity of operation, and large space requirements.2   ASC and PSP use solvents 

which must be regenerated by heat or pressure, thus increasing process complexity.2  

ASC solvents include monoethanolamine, diethanolamine, and methyldiethanolanime, all 

of which are corrosive, environmentally hazardous, and subject to chemical degradation.3  

Membranes may represent an alternative method of acid gas removal without many of the 

difficulties associated with conventional acid gas separation techniques.  Membranes 

have a small footprint, low capital cost, are easy to install and operate and have little 

environmental impact.2   However, the current use of membranes in industry is often 

limited by their permeability and selectivity.   

This research project focuses primarily on the materials science related to improving 

membranes for CO2 removal from H2-rich streams.  Efficiently removing acid gases from 

steam reformer product streams is a key goal in moving towards the H2 economy.4   

Steam reforming of hydrocarbons and the subsequent water gas shift reaction is the major 

route for producing hydrogen:5  
CxHy + xH2O         xCO + (y/2+x)H2            (1) 

  
CO + H2O         CO2 + H2             (2)  

This process produces a large number of by-products, such as CO2, that must be removed 

from the H2 rich stream.   
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CO2/H2 selectivity and CO2 permeability should be maximized to reduce system H2 

loss and H2 pressure loss.  By removing CO2 from H2 (rather than the technologically 

simpler removal of H2 from CO2), expensive downstream pressurization of H2 for later 

use in petrochemical processing or fuel cells is eliminated.  Such reverse-selective 

membranes could reduce overall system costs (i.e., capital equipment, energy, and raw 

material costs) relative to those obtained with conventional H2-selective membranes.  

Permeability selectivity depends on both diffusivity selectivity and solubility 

selectivity.6  Diffusivity selectivity depends on the size-sieving ability of a polymer.  In 

separations involving CO2 and H2, diffusivity selectivity will favor H2 since it has a 

smaller kinetic diameter (2.8 Å) than CO2 (3.3 Å).7  The kinetic diameter is the minimum 

zeolite pore size diameter that allows a gas molecule to access the pore.7  Solubility 

selectivity depends on penetrant condensability and polymer-penetrant interactions.  For 

CO2/H2 separations, CO2 is far more soluble than H2 based on the much higher 

condensability (as measured by critical temperature, for example) of CO2.8  Therefore, 

solubility selectivity will favor CO2 over H2.  CO2/H2 permselective membranes must 

minimize the effect of diffusivity selectivity while maximizing solubility selectivity.  

High free volume polymers (e.g., poly(1-trimethylsilyl-1-propyne) [PTMSP]) have low 

enough diffusivity selectivity to be more permeable to CO2 than to H2.9  Polymers with a 

CO2/H2 permselectivity > 1 are referred to as “reverse selective” since the larger 

penetrant has a higher permeability coefficient than the smaller gas.   

One method of increasing penetrant gas permeability in a polymer is to increase 

diffusion coefficients.  Addition of inert, impermeable, nanosized particles to high free 

volume, stiff-chained, glassy polymers can increase diffusion coefficients and, in turn, 

enhance gas permeability.10  

Polymers can be designed to have favorable interactions with CO2, thus enhancing its 

solubility.  Since CO2 is an acid gas, it is possible to increase the basicity of the 

membrane to enhance acid gas/light gas solubility selectivity.  One method involves 

using polymers with polar moieties, such as ether groups, e.g., poly(ethylene oxide) 

[PEO], and poly(ether-b-amide) [Pebax].11,12  An alternative is to include particles which 

have an affinity towards CO2.  Many metals and metal oxides are basic and can adsorb 



    

 - 3 -  

CO2.13  Certain metals oxides, such as MgO, adsorb as much as 10 wt. % CO2 at room 

temperature and 20 Torr partial pressure.14  Research conducted under this grant focused 

on polymers with polar moieties, and the addition of basic nanoparticles to polymeric 

matrices.  Both materials attemped to increase solubility selectivity in favor of CO2 as a 

route to increasing permeability selectivity.  Polymer and nanocomposite gas transport 

properties, and, when applicable, polymer-particle dispersion and interaction, were 

characterized.   

2. Background 

 

 Gas Transport in Polymers  
 

 The permeability of a gas A, PA, through a film of thickness l is: 6 

  

 ( )12 pp
lNP A

A −
≡                 (3) 

 
where NA is the steady state gas flux through the film, and p2 and p1 are the feed and 

permeate partial pressures, respectively,  

 If Fick’s law is obeyed, and the downstream pressure, p1, is much lower than the 

upstream pressure, p2, the permeability is often expressed as:  6 

AAA DSP ×=                 (4)  
 

where DA is the effective, concentration-averaged diffusivity.  The solubility coefficient, 

SA, is defined as C2/p2, where C2 is the gas concentration in the polymer at the upstream 

face of the film.  The ability of a polymer to separate two components is often 

characterized in terms of the ideal selectivity, αA/B, which is the ratio of permeabilities of 

the two components: 6 

 

B
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D
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×=≡/α                (5) 

 

The ideal selectivity is, therefore, the product of DA/DB, the diffusivity selectivity, and 

SA/SB, the solubility selectivity.  The diffusivity selectivity depends on the relative size of 

the penetrant molecules and the size-sieving ability of the polymer, which is largely a 
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function of free volume in the polymer matrix and polymer chain mobility.15 Solubility 

selectivity is controlled by the relative condensability of the penetrants and the relative 

affinity of the penetrants for the polymer matrix.15  

 
2.2 Gas Transport in Filled Polymeric Membranes 
 
 Adding impermeable particles to a polymer is typically expected to reduce 

membrane permeability.16 Maxwell’s model, which was developed to analyze steady 

state dielectric properties of a dilute suspension of spheres,17 is often used to model 

permeability in membranes filled with roughly spherical impermeable particles:18 



















+

−
=

2
1

1

f

f
pC PP

φ
φ

               (6) 

where Pc and Pp are the permeability of the composite and the pure polymer matrix, 

respectively. fφ is the volume fraction of filler.  The numerator represents the loss of 

membrane solubility due to the loss of polymer volume available for sorption.19  The 

denominator represents a decrease in diffusivity due to increasing the penetrant diffusion 

pathway length.19  Both factors act to decrease permeability with increasing particle 

volume fraction.19 

Addition in fullerene particles (C60 and C70) to poly(phenylene oxide) leads to a 

decrease of permeability without substantially changing membrane selectivity.20 Chung et 

al. observed CO2 permeability decrease from 7.2 Barrersa to 3.8 Barrers at  35 oC and 10 

atm when 10 wt. % C60 was added to Matrimid 5218.21  There was no change in CO2/CH4 

selectivity.21  In PTMSP, the addition of 5 wt. % fullerene substantially decreased 

permeability for all permanent gases and vapors considered.22  For example, CO2 

permeability at 25 oC and 2 atm decreased from 27,000 Barrers to 7,000 Barrers.22  

Generally, the addition of fullerene particles to polymers decreases permeability in excess 

of the permeability loss predicted by Maxwell’s model.   

However, Higuchi et al. observed an increase in gas permeability upon adding 

fullerene particles to polystyrene.23 Permeability increased 47% for N2 and 75% for 

                                                 
a 1 Barrer = 10-10 cm3(STP) cm/(cm2 s cmHg) 
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ethane in a film containing 10 wt. % fullerene particles at 25 oC.  Selectivity decreased 

about 25% for O2/N2 and ethylene/ethane.  The enhancement in permeability was 

attributed to increases in diffusion coefficients caused by increased fractional free volume 

[FFV] in the membrane.  In contrast, Maxwell’s model predicts a 14 % loss in light gas 

permeability for this system. 

Merkel et al. observed similar non-Maxwellian effects when adding very fine 

particles (12 nm primary particle diameter) to high free volume, rigid polymers.10,24  

Adding nanosized impermeable particles of commercial fumed silica [FS], TS-530, to a 

high free volume stiff chain glassy polymer (e.g., poly(4-methyl-2-pentyne) [PMP]) 

increases gas and vapor permeabilities with increased particle loading (cf. Figure 2).19  FS 

particles did not alter the solubility of the nanocomposite, but they did significantly 

increase gas diffusion coefficient (cf. Figures 3 and 4). For example, the CH4 diffusion 

coefficient doubles when 30 wt. % FS is added to PMP at 25 oC.19   
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Figure 2.  CO2 permeability enhancement of PMP as a function of FS volume fraction in 

the composite membrane (■) at 25 oC and ∆P = 3.4 atm.19  The dashed line is the 

prediction of Maxwell’s model (Eq. 6). 
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Figure 3. Concentration of CH4 in PMP   Figure 4. CH4 diffusion coefficient in PMP 

with increasing FS loading at 25 oC (▲)   with increasing FS loading at 25 oC(▲) 

0 wt. %, (●) 15 wt. %, and (■) 30 wt. %19    0 wt. %, (●) 15 wt. %, and (■) 30 wt. %19  

 

The FS particles used in these studies were small enough (12 nm primary particle 

size) to disrupt polymer chain packing in the glassy, stiff-chain, high free volume 

polymers, which resulted in an increase in polymer fractional free volume.24  The free 

volume increase was characterized using density and positron annihilation lifetime 

spectroscopy measurements.  By increasing fractional free volume, gas diffusion 

coefficients and, in turn, gas permeability increase.6 

Particle loading influences the gas transport properties in such nanocomposites.  

For examples, N2 permeability triples as FS loadings in PMP increases from 5 vol. % to 

25 vol. %.25  With n-butane, enhancement in permeability coincided with a substantial 

enhancement in n-butane/CH4 mixed gas selectivity.25  Both n-butane permeability and  

n-butane/CH4 selectivity enhancement have been attributed to increases in the FFV of 

PMP as FS particle loading increases.25 

Barsema et al. used nanoparticles that selectively adsorb a permanent gas in an 

attempt to improve overall membrane selectivity.26  Silver nanoparticles were 

incorporated into carbon molecular sieves [CMS] to increase O2 permeability and O2/N2 

selectivity.  O2 permeability increased from 16.8 to 81.3 Barrer in CMS pyrolyzed at 700 
oC when Ag nanoparticles were included in the film.26 For the same system, O2/N2 
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selectivity increased from 8 to 12.26  The O2 permeability increase was attributed to 

dewetting around the Ag particle when pyrolyzing the membrane, which opened regions 

of voids.  O2/N2 selectivity enhancement was attributed to the favorable adsorption of O2 

onto the Ag surface where surface diffusion may occur.   

 
2.3 Reverse Selective Polymers for CO2/H2 Separations 
 
 As already discussed, the ideal polymer for separating CO2 from H2 should have 

solubility selectivity favoring CO2.  Additionally, the polymer should have a weak size-

sieving ability to minimize the diffusivity selectivity.  With some membranes, solubility 

selectivity is sufficiently high to offset unfavorable diffusivity selectivity, which makes 

the permeability selectivity favor the larger, more soluble penetrant.   

Polymer membranes can be conveniently divided into four types of materials 

depending upon their reverse selective properties (cf. Table 1).  Polymers can be either 

non-polar or polar, and they can be either glassy or rubbery.  Polar polymers can have 

favorable interactions with polar gases.11  For example, in copolymers of 71 % butadiene 

and 29% polar acrylonitrile, CO2/N2 selectivity is 29 at 25 oC.27  In non-polar polymers, 

solubility selectivity is generally lower.  For example, rubbery poly(dimthylsiloxane) 

[PDMS] has a CO2/N2 solubility selectivity of 14.3 and a CO2/N2 permeability selectivity 

of 10 at 35 oC.28  CO2/H2 reverse selective behavior can become more favorable in some 

rubbery, polar polymers.  For example, in crosslinked polyethylene oxide [XLPEO], 

CO2/H2 selectivity is 8 at 35 oC,29  and  CO2/N2 permeability selectivity and solubility 

selectivity are 68 and 38, respectively, at 25 oC and 3.4 atm.30  Both PDMS and XLPEO 

are rubbery polymers, and their diffusivity selectivity is sufficiently weak that they are 

more permeable to CO2 than to H2 which is smaller.   
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Table 1. Polymer types, structure, and CO2/H2 selectivity 

 

 The selectivity of conventional, low free volume, glassy polymers is generally 

dominated by diffusivity selectivity.  Low free volume glassy, polar polymers can have 

very strong size sieving capabilities, and smaller molecules (e.g., H2, He) are more 

permeable than larger molecules (e.g., CO2). For example, Matrimid 5218, a polyimide 

[PI], is 3.5 times more permeable to helium than to CO2,21 even though CO2 is far more 

condensable (the Tc of He is 5.2 K, and it is 304 K for CO2).8  On the other hand, glassy 

PTMSP has a very high free volume, 0.29,31 and it exhibits a CO2/H2 selectivity of 1.6.9   

The fact that PTMSP is more permeable to CO2 than to H2 is attributed to the poor size-

sieving ability generally observed in high free volume, glassy polymers.32 

 It may be possible to use nanoparticles to enhance gas transport properties of 

membranes from each group of materials in Table 1.  The non-polar materials have low 

CO2/H2 solubility selectivity.  However, nanoparticles exist which adsorb large amounts 

of CO2.33 By adding such particles to non-polar polymers, nanocomposite solubility 

Polymer 
CO2/H2 

Selectivity  at 
35 oC, 3.4 atm 

Fractional 
Free 

Volume 
Properties Structure 

XLPEO11 6.4 0.12 Polar, 
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Non-
polar, 

Rubbery 
Si O

Me

Me

n
 

PI26,37 0.3 (CO2/He) 0.23 Polar, 
Glassy 

CH3CH3

C
CH2

CH3

CN

O

O

C

C

O

C

O

O

N
C

C

n

PTMSP38 1.6 0.29 Non-polar 
Glassy 

H3C Si(CH3)3

n  

C
C

C
C

C
C

O

O
O

O

PEG

C

O

C

O

O

OH

PEG

C

C

OH

PEG

O C

C

PEG

O PEG

C
C

C
C

C
C

O O

C

C

Chemical Structure of Crosslinked PEG



    

 - 9 -  

selectivity may increase.  Given a nanoparticle with sufficiently high CO2 adsorption, the 

same approach might be applied to polar polymers.  Glassy polymers tend to have strong 

size sieving capabilities due to low fractional free volume and highly restricted polymer 

segment mobility.  The addition of nanoparticles to high free volume, glassy polymers 

can increase penetrant diffusion coefficients.19   Additionally, nanoparticles reduce 

diffusivity selectivity (e.g., C2H6 / n-C4H10 diffusivity selectivity decreases from 5 to 1.5 

when 50 wt. % FS is added to PMP at 25 oC).19  Therefore, CO2 sorbing nanoparticles 

may shift both CO2/H2 solubility selectivity and diffusivity selectivity in favor of CO2/H2 

reverse selectivity for glassy polymers (cf. arrow A Figure 5).  For rubbery polymers, 

where diffusion coefficients are expected to decrease with increasing nanoparticle 

loading, CO2/H2 selectivity may increase while the CO2 permeability decreases (arrow B 

in Figure 5).  Therefore, CO2 adsorbing nanoparticles may provide a method for 

increasing CO2/H2 selectivity in both rubbery and glassy polymers. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. CO2/H2 permeability/selectivity map with upper bound and anticipated changes 
of CO2/H2 selectivity and CO2 permeability due to incorporation of CO2 adsorbing 
nanoparticles into polymers. 
 
2.4 Gas Adsorbing Metals and Metal Oxides 
 Many metals and metal oxides adsorb certain permanent gases more favorably 

than others.34-36  For instance, both clean iron and silver readily adsorb atmospheric 

oxygen without adsorbing other light gases.34,35  Gases adsorb onto metals and metal 
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oxides by a variety of mechanisms depending on system chemistry (e.g., acid-base 

interactions, gas dissociation, etc.),13,33,37-39 overall system conditions (e.g., temperature, 

pressure),33,39  and surface defects40 of the metal or metal oxides.   

 Since CO2 is an acid gas, basic particles readily adsorb CO2.  For example, MgO 

adsorbs 10 wt. % CO2 at ambient temperature and 20 Torr CO2 after 15 minutes,14 and 

CaO adsorbs 3.5 wt. % CO2 at ambient temperature and 10 Torr CO2.41  In basic metal 

oxides, the oxygen atom withdraws electrons from the metal, causing the oxygen to 

behave as an electron-rich Lewis base and the metal to act as a Lewis acid.42  The oxygen 

atoms of metal oxides interact with CO2.43 Basic metal oxides can adsorb CO2 

preferentially vs. light gases.37,44  

 There are substantial differences in the interactions of metal oxides with CO2.  At 

ambient temperatures, MgO physisorbs42 or weakly chemisorbs CO2,45 whereas the 

heavier alkaline earth oxides tend to chemisorb CO2.37,38 The binding energy of CO2 to 

metal oxides is due to the basicity of the alkaline earth oxides, 33 which increases with the 

period of the metal (i.e., MgO is less basic than CaO, SrO is less basic than BaO, 

etc.).37,38 Many rare earth metal oxides (e.g., La2O3 and ThO2) act as bases.33 Rare earth 

oxides have a stronger binding energy and adsorb higher concentrations of CO2 than 

alkaline earth oxides.13,33  An ideal CO2 adsorbing nanoparticle candidate would have a 

high CO2 uptake while still being able to desorb CO2. 

 Many inorganic materials catalyze reactions (e.g., decomposition of CO2 to CO 

on Fe2O3),35 and such reactions could have deleterious effects if they were operative in 

separation membranes.  In many systems, CO2 and H2 form CH4, methanol or alkanes 

depending on the catalyst (e.g.,  Ni, Ru, Cu).46,47  The alkaline earth oxides react with 

water, which, in a subsequent reaction, can form metal carbonates.48,49  Since CO is toxic 

and a poison for fuel cells, metals allowing decomposition of CO2 to CO should not be 

used.  Hydrogenation of CO2 reverses the steam reforming reaction, which would reduce 

the overall efficiency of H2 synthesis. Although water will be present in the H2 product 

stream after steam reforming, carbonation is an acceptable side reaction since it does not 

produce harmful byproducts nor reduce system H2 production efficiency.  Possible 

reactions involving basic nanoparticles should not influence the chemical composition of 

gases permeating through the membrane.   
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 MgO fits the criteria outlined above for CO2 adsorbing materials, and it has other 

desirable attributes as well.  CO2 should readily desorb from MgO at 35 0C.50 MgO 

nanoparticles are commercially available in particle diameters (3, 7, 12, 36 and 100 nm) 

in the size range of interest.  Since gas adsorption cannot occur on defect-free, crystalline 

MgO surfaces,51  ideal nanoparticles should offer a combination of high surface area and 

a large number of defect sites per unit area.  Aerogel MgO has surface defects (e.g., steps 

in the crystal, oxygen vacancies, etc.)43 which permit gas adsorption,43 and MgO particles 

are commercially available with surface areas greater than 600 m2/g, which corresponds 

to an equivalent spherical particle diameterb of less than 3 nm.  These particles are 

spherical, which results in a large percentage of surface sites being defects.41  Therefore, 

MgO nanoparticles have been the focus of the nanocomposite portion of this study.  

 Other commercially available nanoparticle candidates are listed in Table 2.  These 

materials are categorized by their reported surface chemistry.  The basic nanoparticles are 

discussed above.  Neutral and acidic particles may be used to contribute to a systematic 

study of the influence of particle-gas acid/base interactions on penetrant solubility and 

overall gas transport properties.  Inert particles are those that are not expected to 

significantly adsorb nor interact (i.e., acid/base, reaction, etc.) with CO2.52,53 Such 

materials may be used to provide examples of particles without specific surface chemistry 

interaction with CO2.   

 

Table 2: Nanoparticle Surface Chemistry and Commercially Available Particle Size 

 Chemistry Apparent Particle Diameter (nm) 

SiO2 Acidic33 10,15,80 
TiO2 Neutral33 5,10,15,40 
MgO Basic33 3,7,12,36 
CaO Basic33 8,25 
BaO Basic38 < 50 
Ag Inert52 30, 50 

 

 

 
                                                 
b Equivalent Spherical Particle Diameter = 6/(surface area x particle density) 
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3. Results 

 3.1 Experimental Technique 

Nanocomposite Film Preparation:  PTMSP was added to toluene at 1.5 g / 100 mL of 

solution and allowed to stir until the polymer was dissolved.  Nanoparticles were added 

to the polymer solution and mixed using a Waring Handheld High Speed Blender at 

15000 rpm for 15 minutes.  NanoactiveTM MgO Plus (Nanoscale, Manhattan, KS) 

particles were used throughout this study.  They have a specific gravity of 3.58 g/cm3 and 

a BET surface area between 600 - 700 m2/g depending on the production lot.54,55  The 

resulting equivalent spherical particle diameter was between 2.1 and 2.6 nm.  Samples 

were spherical and 99.2% pure Mg based on metal.55  MgO aerogels deagglomerate in 

many organic solvents, including toluene.41 The nanoparticle/polymer solution was 

allowed to stir overnight with a magnetic stirring bar.  The solution was then poured onto 

a clean, dry, level casting plate and allowed to cast until the toluene completely 

evaporated, which usually required two days.  Due to the reactivity of MgO with water,36 

all sample preparation involving particles were conducted in a closed glove box under a 

N2 blanket with a feed pressure between 1.5 and 5 cmH2O gauge and a relative humidity 

of 0.0 as determined by a Testo 635 (Hotek Technologies) humidity indicator. 

Permeability:  Pure gas permeation measurements were conducted using a constant 

pressure/variable volume apparatus.56 Films were not masked.  Once a film was placed in 

the permeation cell, the film was exposed to the gas of interest for at least thirty minutes 

at test pressure to ensure that steady state permeation was established.  Gas permeability 

(cm3(STP) cm/(cm2 s cmHg)) was calculated from the steady state rate of permeate 

flowrate in a downstream bubble flow meter according to: 

dt
dV

ppA
l

T
pP atm

A )(76
273

12 −
=                   (7) 

where dV/dt is the permeate volumetric flowrate (cm3/s), l is the film thickness (cm), p2 

is the upstream gauge pressure (cmHg), p1 is the downstream gauge pressure (cmHg), 

patm is atmospheric absolute pressure (cmHg), A is the area of the film available for 

transport (cm2), and T is absolute temperature (K).  All experiments were performed with 

the downstream pressure at atmospheric (76 cmHg). 
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Pure- and mixed-gas permeation properties of membrane films evaluated at RTI 

were determined in a continuous-flow, constant-pressure/variable-volume apparatus 

modified with downstream sweep gas capability.  A schematic of the RTI permeation 

system is shown in Figure 6.  The entire permeation apparatus is contained in a 

thermoregulated enclosure (e.g., oven) for temperature control.  The permeation cell 

holds the flat (planar) membrane film to be evaluated and has an effective permeation 

area of 13.8 cm2.  Mass flow controllers regulate the flow of feed and sweep gases to the 

permeation cell, and a metering valve controls the upstream (feed) pressure to the desired 

value.  The permeation system is supported by two gas chromatographs (GCs), a 

Hewlett-Packard 5890 Series II GC with two thermal conductivity detectors (TCDs) for 

measuring the concentrations of non-sulfur gases and a Varian 3600 GC with one TCD 

and one flame photometric detector (FPD) for determining the concentrations of sulfur-

containing gases.  The GCs are interfaced to Agilent ChemStation data acquisition 

software to allow on-line analysis of feed, residue, and permeate stream compositions.  

Calibration of GC detector responses is performed by analyzing certified standards 

containing the gas components of interest. 
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Figure 6.  Schematic of gas permeation apparatus at RTI. 

 
 Permeation properties of membrane films were first characterized with pure 

gases, such as N2, O2, H2 and CO2, to check integrity.  Separation performance of 

defect-free membranes were then evaluated with either a binary gas mixture (e.g., 25% 
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CO2 in H2) or a simulated, four-component, coal-derived synthesis gas consisting of 1% 

H2S, 36% H2, and 13% CO2 in CO.  In all tests, the upstream (feed) pressure was 

typically 50 or 100 psig, and the downstream (permeate) pressure was kept at 

atmospheric (0 psig).  To control the emission of sulfur gases, the permeate and residue 

streams were passed through ZnO sorbent beds to scrub out any H2S present before 

venting to the atmosphere. 

 

Solubility: An automated spring balance for kinetic gravimetric sorption has been used to 

determine the solubility of pure permanent gases and CO2 in nanocomposite samples.57  

An analytical balance was used to determine film weight.  The film was placed on a 

quartz spring (Ruska Instruments, Houston, TX) so that the spring reference pointer was 

below a reference rod.  An initial reading of spring extension was recorded.  Vacuum was 

applied overnight to degas the film and the system.  At this point, a second reading of 

spring extension was taken to determine the weight loss due to degassing: 

 

)( vilf llkWW −−=                 (8) 

where Wl is the loaded weight of the film (mg), k is the spring constant (mg/mm), li is the 

initial spring extension, and lv is spring extension after the sample has been evacuated for 

at least 24 hours. 

 Spring extension data were acquired while the sample was exposed to CO2 at a set 

pressure for 20 minutes.  After twenty minutes, the system pressure was increased and 

testing was repeated until system pressure was just below atmospheric pressure (the limit 

of testing for this apparatus).  Gas concentration in the film was calculated as follows: 

 
( )

wf

vp

MW
llk

C
−

=
ρ22414

               (9) 

where ρ is the film density (g/cm3), lp is the spring extension after 20 minutes at a given 

pressure (mm), and Mw is the molecular weight of the test gas. 

Density measurements:  Density was measured via a hydrostatic weighing method.  A 

Mettler Toledo balance (Model AG204, Switzerland) and a density determination kit 

were used.  Samples were tested in deionized water.   
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Atomic Force Microscopy (AFM):  Tapping mode AFM (Digital Instruments Dimension 

3100 with Nanoscope IV controller, Woodbury, New York) was used to characterize 

particle dispersion at the nanocomposite surface.  The AFM tips are Silicon NCH 

(Nanosensors, now Nanoworld, Neuchatel, Switzerland).  The height, amplitude, and 

phase profile were examined.  Samples were tested at 1 µm x 1 µm with 512 lines 

scanned per sample, providing a resolution of 2 nm, (resolution = length of sample 

side/number of scans per sample).  The scan rate was 0.2 Hz or 0.8 µm/s.  Integral and 

proportional feedback settings were 0.4 and 0.75, respectively. 

Fourier transform infrared spectroscopy (FTIR):  FTIR (Thermo Nicholet Nexus 470, 

Madison, WI) was used to examine particle-polymer interactions or reactions.  The 

crystal was cleaned with isopropyl alcohol (Aldrich) prior to acquiring a background 

signal.  The background signal was always recorded prior to testing samples.  Samples 

were measured immediately after removal from the glove box whenever possible. 

X-ray photoelectron spectroscopy (XPS):  XPS (PHI 5700, Physical Electronics 

Company) was used to examine films for evidence of chemical reactions.  Films were 

submitted to Dr. Yangming Sun of the Texas Materials Institute for examination. 

Hydrogen, Carbon & Silicon Nuclear Magnetic Resonance (1H NMR), (13C NMR) & 

(29Si NMR):  1H, 13C, and 29Si NMR spectra were acquired using a Unity +300 (Varian, 

Palo Alto, CA) NMR maintained and operated by the Analytical Services Laboratory of 

the Department of Chemistry and Biology.  NMR sample materials were 1 to 2 wt. 

percent solids dissolved in solution. 

Wide Angle X-ray Diffraction (WAXD):  Wide angle X-ray diffraction (WAXD) was 

used to characterize the dispersion of nanoparticles in the polymer matrix.  A Bruker-

Nonius D8 Advance Theta-2Theta Powder Diffractometer, with CuKα radiation of 1.54 

Å wavelength, was used for the experiments. 

  

3.2 Definition of Volume Fraction 

Generally, nanoparticle loading is reported in terms of weight %. However, this 

approach fails to give meaningful comparisons when nanoparticles of differing densities 

are used, or when particle or polymer density changes after the films have been made.  

Furthermore, characteristics of the nanocomposites such as density and estimates of 
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interparticle spacing and fractional free volume are dependant on the volume fraction of 

the filler.  Therefore, it is necessary to provide a meaningful estimate of filler volume 

fraction before discussing the influence of MgO nanoparticles on gas transport properties 

of polymers. 

There are two methods of discussing particle volume fraction in this report.  First, 

a nominal filler volume fraction, N
Fφ , is defined.  This volume fraction is based on the 

additive model value for volume, and it neglects the creation of void space (i.e., the 

decrease in polymer density) with increasing filler loading.  This volume fraction is 

calculated as follows: 

( )FFPP

FFN

WW
W

F ρρ
ρφ

//
/
+

=        (10) 

where WF and WP are the weight percents of filler and polymer in the sample, and Fρ and 

Pρ  are the densities of pure filler and pure polymer, respectively.  Using  N
Fφ  is most 

informative when reporting information with controlled incremental changes in filler 

loading.  The second method is referred to as the true filler volume fraction, T
Fφ , which is 

calculated from the experimental density of the nanocomposite while taking into account 

the potential existence of void fraction in the nanocomposite. The true filler volume 

fraction is calculated as follows: 
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where Cρ is the composite density, and VV is the void volume.  This method of reporting 

filler volume fraction may be best suited for discussing experimental results and 

comparing to theoretical models.  Figure 7 shows the large difference between N
Fφ  and 

T
Fφ  particularly at high particle loadings.  However, T

Fφ  will be used when discussing 

filler volume fraction-sensitive data (e.g., interparticle spacing, relative solubility, etc.). 
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Figure 7.  Estimated filler volume fraction using N
Fφ  (▬) and T

Fφ  (♦) with increasing wt. 

fraction of MgO in PTMSP.   

 

3.3 PTMSP-MgO Interactions 

 Two fundamental questions regarding nanocomposites are: (1) are the particles 

well-dispersed in the polymer matrix, and (2) how extensively does the polymer matrix 

wet the particles?  Since these two questions are inherently interdependent, similar 

arguments are used to describe degree of mixing and particle wetting.  

Interaction between the acidic TMS groups on PTMSP and basic metal oxides 

facilitates wetting between particles and polymer segments. According to the Pauling 

scale,58 the electronegativity difference between carbon and silicon is +0.7 units, which 

indicates that the silicon electrons will be attracted towards the carbon atoms.  

Trimethylsilylbenzene [TMSB], shown in Figure 8, illustrates the TMS electronic 

properties when it is bound to an organic, conjugated molecule.  TMSB has a dipole 

moment of 0.45 Debye,59 and the TMS silicon is electron poor based on studies with 

halogenated derivatives of TMSB.60 Therefore, the TMS Si has a slight positive charge.  

The silicon atom of the TMS group is electron donating and behaves like a Lewis acid, 

and the TMS carbon atoms act as Lewis bases.  In MgO, magnesium atoms are very 

electron poor and act as Lewis acids, whereas oxygen atoms are electron rich and act as 

Lewis bases.42  There is an acid/base interaction between the PTMSP silicon atoms and 

MgO oxygen atoms, and between the Lewis base carbon atoms of the TMS groups with 
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the Lewis acid Mg atoms of MgO.  These acid/base interactions are believed to facilitate 

good wetting of the particles by the polymer segments. 

Si

 
                                              Figure 8.  Structure of Trimethylsilylbenzene 

AFM has been used to characterize the mixing of inorganic and organic particles 

in polymer matrices.61-63 Khanna et al. used AFM to characterize the dispersion of glass 

fibers in polyester.63  AFM has also been used to characterize the dispersion of a soft 

rubbery polymer (styrene-ethylene-butadiene-styrene with grafted maleic anhydride) in a 

hard polymer (nylon 6).64  Dispersion was characterized by comparing particle size and 

shape using the AFM tapping phase profile.64  This project uses the same technique to 

investigate particle dispersion in polymer matrices.   

Figures 9 a-f show surface tapping mode AFM height and phase profiles for 

nanocomposites where N
Fφ  is 0.13, 0.20, and 0.25 volume fraction MgO.  In height 

profiles, black and white represents elevations of 0 and 250 nm, respectively.  From 

Figures 8 a, c, and e, the height profile has few topographical features, which is 

consistent with good mixing since large agglomerates are not obviously present.  In poor 

mixing, large agglomerates of particles would be expected to be present and readily 

observed.  Such agglomerates are noticeably absent in the PTMSP – MgO 

nanocomposites. 

In the phase profiles, black and white represent the softest and hardest phases, 

respectively, in the material under study.  In this case, the soft phase is PTMSP, and the 

hard phase is MgO.  The white phase is at least 25o out of phase, where “out of phase” 

denotes a detected phase lag between the cantilever signal and the driving signal sent to 

the piezo actuator.65  Phase profiles are shown in Figures 9 b, d, and f.  In all three 

nanocomposites, the particle phases are 3 – 8 nanometers in characteristic dimension as 

determined using the Particle Analysis option of the Nanoscope software.  This result 

suggests that the particles are not agglomerating to a large extent. 

δ+   δ-   
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Figures 9. Tapping mode AFM images of the surface of an MgO filled PTMSP film.  

Images are 500 nm x 500 nm. (a,c,e): Height profiles of N
Fφ = 0.13, 0.20, and 0.25 volume 

fraction MgO, respectively, with white being 250 nm. (b,d,f): Phase profiles of N
Fφ = 

0.13, 0.20, and 0.25 volume fraction MgO, respectively, where white is 25o out of phase. 

White indicates a hard phase.  Black indicates a soft phase. 
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3.4 Evidence for a Desilylation Reaction 

To date, the addition of nanoparticles to polymer membranes has involved no 

discernable change in the chemical structure of either the nanoparticle or the 

polymer.10,26,66  Furthermore, there is no mention of desilylation of PTMSP in the open 

literature.  However, the possible existence of polymer-particle acid/base interactions led 

to the exploration of chemical changes in MgO filled PTMSP films.  A reaction was 

discovered between PTMSP and MgO.  The first step in the reaction mechanism appears 

to involve the reaction between MgO and water to form Mg(OH)2.36 Although the 

nanocomposite solution and films are prepared in a glove box where we try to maintain 

an anhydrous environment, there may be some traces of water dissolved in the solvent, 

adsorbed on glassware and/or the polymer.  The reaction of MgO with water is as 

follows: 36 

 

                (14) 

 

Next, PTMSP reacts with the Mg(OH)2 alcohol groups.  The proposed reaction is: 

 

 

          

 

The –OH group of Mg(OH)2 is electron rich and very basic (pH 9.5 -10.5).54  The basic 

alcohol lone pair electrons form a p-d bond with the trimethylsilyl group silicon.67 

Desilylation is most probable when the TMS donor is less basic than the acceptor, and the 

donor is conjugated to stabilize the p-d bond.67  In PTMSP, the polymer backbone serves 

as the TMS donor, and it is less basic than MgO. Also, the polymer backbone is 

somewhat conjugated,32 which allows for p-d bond stabilization.  Eq. 15 shows an 

example of the typical pathway for a desilylation reaction: 67   

 

   (16)  

 

 

   (15) 
Mg(OH)2 + C C

(H3C)3Si CH3

HOMgOSi(CH3)3 + C C
H CH3

MgO + H2O Mg(OH)2

HY: + (H3C)3Si X Y:

H

Si

Me Me

Me

X
δ+ δ− Y Si(CH3)3 + HX
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where Y is the TMS acceptor (HOMgO- in this case) and X is the TMS donor (the 

PTMSP backbone).  The lone pair electrons on Mg(OH)2 form a p-d bond with silicon.  

The p-d bond is stabilized by conjugation with the PTMSP backbone.  The final step 

requires that the alcohol hydrogen transfer to the polymer backbone while the Si-C bond 

is broken.67   

 FTIR spectra of PTMSP and a nanocomposite are shown in Figure 10. MgO does 

not absorb in the range shown.  Differences between the two spectra are expected at 3740 

cm-1 for Mg-OH68 and in the range of 1400 – 1650 cm-1 for carbonate formation.69,70  A 

broad peak exists in the nanocomposite spectrum at 1092 cm-1, which is not predicted in 

the literature for either pure MgO, Mg(OH)2, or PTMSP.  This peak is consistent with the 

presence of X-O-Si bonds,71 and it is attributed to the formation of Mg-O-Si. 
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Figure 10.  FTIR spectra of PTMSP and PTMSP filled with MgO ( )20.0=N
Fφ . 

 

 Silicon 2p orbital XPS on a PTMSP/MgO nanocomposite shows Si has bonds to 

two different elements (cf. Figure 11).  The peak at 101 eV corresponds to Si-C bonds,72 

while the peak at 105 eV represents Si-O.73  The only oxygen source in filled PTMSP is 

MgO and/or Mg(OH)2.  Therefore, XPS corroborates the existence of the Mg-O-Si bond.   
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Figure 11. XPS of Si 2p orbital for PTMSP and MgO filled PTMSP ( )20.0=N
Fφ . 

 

Solution 1H NMR spectroscopy was conducted on polymer nanocomposites to 

determine if changes had occurred in the polymer structure due to the reaction.    A 

singlet peak exists at 3.8 ppm for MgO filled PTMSP, which indicates an olefinic proton 

(compare Figures 12(a) and 11(b)).  Since PTMSP does not have a peak at 4.3 ppm, the 

olefinic peak proton must be a product of the desilylation reaction.  The 1H NMR integral 

data indicates that 9 % of the TMS groups have been removed from the polymer.  The 

presence of the olefinic proton provides additional evidence for the existence of the 

MgO-PTMSP desilylation reaction. 
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A small molecule analog of PTMSP was selected to study desilylation in the 

presence of MgO.  The molecule studied was 1-phenyl-2-(trimethylsilyl)acetylene 

[PhTMSA], whose chemical structure is shown in Figure 13.  The aromatic group of 

Figure 12. 1H NMR of (a) PTMSP and (b) MgO filled PTMSP ( )20.0=N
Fφ . 
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PhTMSA mimics, to a certain extent, conjugation of the PTMSP backbone and stabilizes 

oxygen-silicon p-d bonds.  Thus, the TMS donor group should exhibit chemistry similar 

to that of PTMSP. 

 

TMS

 
Figure 13.  Chemical structure of 1-Phenyl-2-(trimethylsilyl)acetylene (PhTMSA). 

 

Figure 14 shows the FTIR spectrum of PhTMSA treated with MgO after having 

the untreated PhTMSA spectrum subtracted. The MgOH bond peak is present at 3740 

cm-1, which indicates that the water-MgO reaction takes place. The MgO-Si peak is 

present at 1092 cm-1, indicating that the desilylation reaction has occurred.     
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Figure 14. Subtraction of untreated PhTMSA FTIR spectrum from MgO treated 

PhTMSA FTIR spectrum. 

 

There are three new peaks in the 1H NMR spectrum of MgO treated-PhTMSA 

(compare Figures 15(a) and 15(b)).  These peaks are at 7.39, 2.72, and 0.10 ppm.  The 

peak at 7.39 ppm (g,h) corresponds to the m-phenyl protons on the desilylated PhTMSA 

samples.  The peak at 2.72 ppm (e) corresponds to the proton bound to an acetylene unit, 

which confirms the hydrogen-TMS transfer between Mg(OH)2 and PhTMSA.  The peak 
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at 0.1 ppm (i) peak corresponds to the MgOTMS protons.  The MgOTMS/acetylene 

proton integral ratio is 9:1, which is the stoichiometric ratio of the reaction (cf. Eq. 15).  

The PhTMSA TMS proton integral value is 6.  The MgOTMS proton integral value of 9 

is divided by the total proton integral value of 15 to estimate the extent of desilylation, 

which is 60%. 
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Figure 15 1H NMR of (a)  PhTMSA and  (b) PhTMSA treated with MgO. 
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 The 13C NMR spectrum shows a definite chemical change when PhTMSA is 

contacted with MgO (compare Figures 16(a) and (b)).  The peaks at 106 ppm (c) and 94 

ppm (b) represent the acetylene carbon, while the peak at 0 ppm (a) corresponds to  the 

TMS carbons.  However, three peaks appear at 84, 78 and 2 ppm.  The peaks at 84 ppm 

(i) and 78 ppm (h) represent desilylated acetylene carbons.  The peak at 2 ppm (n) is 

attributed to MgO(TMS), which is present due to its high concentration in the solution 

(60% as calculated from 1H NMR). 
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Figure 16 13C NMR of (a) PhTMSA and (b) PhTMSA treated with MgO. 
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Figures 17(a) and (b) show that the 29Si NMR spectra of a mixture of MgO 

( )13.0=N
Fφ  and PhTMSA does not exhibit the strong peak at -20 ppm that is observed in 

neat PhTMSA.  The loss of the peak indicates desilylation of PhTMSA.  Although 

complete desilylation has not been observed in the 13C and 1H spectra, the extent of 

reaction is sufficient to lower the peak intensity of PhTMSA below the detection limit in 

this experiment.  The peak at   -105 is the silicon in the NMR tube.   

       

 

 

 

 

 

  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17 29Si NMR of (a) PhTMSA and (b) PhTMSA treated with MgO. 
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3.5 MgO-PTMSP Gas Transport Properties  

This work was based on two hypotheses regarding gas transport:  (1) MgO 

nanoparticles may enhance gas transport properties by increasing the void fraction of the 

nanocomposite, (2) MgO may enhance the solubility properties of nanocomposites. 

Figure 18 shows the permeability ratio of nanocomposite films with increasing MgO 

loading, where permeability ratio is defined as the permeability of the nanocomposite 

divided by the permeability of neat PTMSP.  At a nominal volume fraction of 0.3 MgO, 

nanocomposite membranes exhibit a pure gas CO2/H2 selectivity of 1.6, which is 

equivalent to that of pure PTMSP.9  For the same film, the CO2 permeability is greater 

than 122,000 Barrer, which is the highest CO2 permeability ever reported for a polymer 

membrane.   

  

 

 

 

 

 

 

 

 

Figure 18.  Gas permeability ratio, the permeability of the composite, PC, divided by the 

permeability of the polymer, PP, of mixtures of PTMSP with increasing nominal volume 

fraction MgO, N
fφ , content at 35 oC and ∆p = 3.4 atm. CO2  (▲); H2 and N2 (●).   

 
The experimental density of PTMSP-MgO nanocomposites is lower than the 

density based on a simple additive model (cf. Figure 19).  The composite density based 

on the additive model, ρA, is calculated as follows:  
N
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N
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φρφρρ +=                     (17) 

where ρP and ρF are the polymer and filler density, and N
P

φ  is calculated as follows: 
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where WP and WF are the weight fractions of polymer and filler in the composite, and Pρ  

and Fρ  are the nominal densities of polymer and filler, respectively.  The difference 

between the measured density of the composites and that estimated from the additive 

model is ascribed to an increase in the volume fraction of void space (or free volume) in 

the nanocomposite, which was calculated as follows: 
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where N
Fφ  is the nominal filler volume fraction calculated by Eq. 11, and N

Pφ  is the 

nominal polymer volume fraction calculated from Eq. 18. Figure 20 shows that the 

volume fraction of voids, Vφ , increases with increasing particle loading.   
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Figure 19.  Density of PTMSP MgO composites as a function of nominal volume 

fraction , N
Fφ , in the mixture (■).  The solid straight line is the prediction of the volume 

additivity model (Eq. 17).  
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Figure 20.  Nanocomposite void fraction (■) and CO2 permeability ratio at 35 oC and ∆p 

= 3.4 atm (●) as a function of nominal MgO volume fraction, N
Fφ .  

 

Pure gas selectivity remains unchanged with increasing particle loading. The 

particles do not introduce interconnected defects that span the film.  Such defects would 

reduce selectivity to values consistent with bulk flow through pores or Knudsen flow, 

depending on the size of the defect.74 In Knudsen flow, CO2/H2 permeation selectivity 

would be 0.2, which is calculated as follows: 74 

A

B

B
A M

M
=α            (20) 

where MA and MB are the molecular weights of gases A and B, respectively.  In bulk 

flow, the CO2/H2 selectivity would be 1. 

The particle diameter is near the dimensions of a monomer unit of PTMSP 

(calculated to be 0.65 nm) and similar to the length of a CO2 molecule, 0.51 nm.43  

Interparticle spacing can be crudely estimated by assuming that the particles are ideally 

packed. For the calculations that follow, a cubic lattice structure is used because of its 

simplicity, and because it corresponds well with data presented later.  The cubic lattice 

interparticle distance, di, is calculated as follows:  
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where dF is the particle diameter, and T
Fφ  is the true particle volume fraction.  In this 

calculation the cubic lattice cell volume is estimated by dividing the volume of a single 

particle by the true filler volume fraction.  The cube root is then taken of the lattice cell 

volume to estimate the cell dimensions, from which the particle diameter is substracted to 

obtain an estimate of interparticle distance. 

Interparticle spacing may have a strong influence on void space and permeation 

properties of the nanocomposite films.  At T
Fφ  values above 0.05, and using a particle 

diameter of 2.5 nm, the ideal cubic interparticle spacing is on the order of 3 nanometers 

or less (cf. Figure 21).  PTMSP has three structural conformations (cis-transoid [CT], 

trans-cisoid [TC], and trans-transoid [TT]), (cf. Table 4).32  At T
Fφ  values above 0.19, the 

width of a single CT or TC PTMSP monomer unit cannot be accommodated by the 

estimated interparticle spacing.  The width was calculated using the covalent radii for 

hydrogen, carbon, and silicon for each structural conformation from the outer most 

hydrogen for the TMS group on a polymer segment to the furthest hydrogen on the next 

polymer segment.  For TC and CT structural conformations, this distance is calculated 

from the furthest hydrogen on opposing TMS groups, whereas for TT conformations it is 

calculated from the hydrogen on the TMS group to the hydrogen of the methyl group on 

an adjacent monomer unit of PTMSP.  The absence of polymer in the interparticle space 

may introduce a significant amount of void space, which may be accessible to gas 

molecules.  Therefore, much of the void fraction increase observed in the nanocomposites 

may be due to interparticle voids.  These voids are believed to be separated by PTMSP 

chains and particles.  Due to the excellent polymer-particle wetting and the particles 

impermeability, penetrant molecules must permeate through the polymer during at least 

part of their voyage across the film.   Thus, the polymer selectivity is maintained in the 

nanocomposite.    
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Figure 21. Calculated interparticle spacing assuming an ideal dispersion of monodisperse 

2.5 nm diameter particles in a cubic lattice Eq. 21 was used for this calculation.   

 

Table 4.  PTMSP structure, width and MgO loading required to achieve an interparticle 

distance equal to PTMSP structural width. 

 

As shown in Figure 22, MgO adsorbs inert gases as well as CO2. Figures 23 and 

24 present CO2 and N2 relative solubility as a function of MgO volume fraction.  These 

figures also include an estimate of the interparticle spacing, di, calculated from Eq. 21.  

At low loadings of MgO (i.e., T
Fφ  below 0.13), PTMSP may inhibit the efficient 

adsorption of penetrant molecules on MgO by covering the particle surface.  However, as 

the MgO loading increases, there may be insufficient PTMSP to cover the MgO particles.  

PTMSP Structure Width (nm) 
Volume Fraction MgO ( T

Fφ ) when 

Width = interparticle distance 

Cis-Transoid 
1.1

0.19 

Trans-Cisoid 
1.1

0.19 

Trans-Transoid 
0.8

0.27 
TMS TMS

TMS

TMS
TMS

TMS
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At these loadings (i.e., T
Fφ  greater than 13 volume percent MgO), MgO particle surfaces 

may be exposed to the penetrant gases, which allow for gas adsorption by the particles. 
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Figure 22.  Concentration of CO2 (▲), N2 (●), and O2 (■) on 2.5 nm diameter MgO 

particles at 35 oC. 
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Figure 23.  The effect of MgO content on relative CO2 solubility and estimated 

interparticle distance in PTMSP/MgO nanocomposites.  The MgO particles were 2.5 nm 

in diameter.  Solubility is reported at 35 oC and 3.4 atm.  Relative solubility is the ratio of 

the solubility of the nanocomposite to that of the neat PTMSP.  The interparticle distance 

was estimated using Eq. 21.   
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Figure 24.  The effect of MgO content on relative N2 solubility and estimated 

interparticle distance in PTMSP/MgO nanocomposites.  The MgO particles were 2.5 nm 

in diameter.  Solubility is reported at 35 oC and 3.4 atm.  Relative solubility is the ratio of 

the solubility of the nanocomposite to that of the neat PTMSP.  The interparticle distance 

was estimated using Eq. 21.   

  

The relative solubility for both CO2 and N2 has a maximum.  The CO2 relative 

solubility maximum occurs at a true particle volume fraction near 0.17, where the 

interparticle distance is calculated to be 1.3 nm from Eq. 21.  CO2 is known to form 

carbonates on the surface of MgO, which correspond to a range of 1300-1650 cm-1 in 

FTIR.68,69  Such carbonate peaks are observed for MgO filled PTMSP nanocomposites, 

(cf. Figure 10). The distance of the carbonate oxygen atoms from the MgO surface has 

been calculated to be 0.68 nm.45 The interparticle spacing where the CO2 relative 

solubility maximum occurs roughly corresponds to the interparticle distance required for 

carbonate formation on the opposing surface of two adjacent MgO particles. At higher 

MgO loadings, (i.e., T
Fφ  > 0.2), the interparticle space is calculated to be less than 1.3 nm, 

which is not enough space for the formation of two carbonates between opposing 

particles.  Therefore, the CO2 relative solubility peak may occur due to insufficient 

interparticle space for carbonate formation on opposing particle surfaces at high MgO 

loadings.   

The N2 relative solubility maximum occurs at a true particle volume fraction of 

0.21.  The interparticle distance for this loading is 1.0 nm as calculated from Eq. 21.  
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Since, there is no analogous reaction of N2 with MgO comparable to carbonate formation, 

the N2 relative solubility peak cannot be justified using such an argument.  There is 

currently no explanation for the relative solubility maxima which could apply to both 

CO2 and N2. However, these peaks may be related to a combination of gas-particle 

interactions and/or steric constraints placed on sorption due to interparticle distances.  

 

3.6  Addition of 3-Methyl sulfolene Adsorbent to PTMSP and Pebax 
 
 Sulfolanes and sulfolenes are physical adsorbents that are used in formulations to 

remove acid gases such as CO2 and H2S from natural gas and reformate gas (Ref. 

http://www.cpchem.com/specialty_chemicals_a_cleaning_extraction.asp).  3-Methyl 

sulfolene (C5H8SO2) was selected as a possible additive that might be compatible with 

useful polymer/solvent systems such as the PTMSP/toluene and Pebax/n-butanol 

systems.  Hence, in an initial attempt to improve the acid-gas/H2 selectivity of glassy 

PTMSP homopolymer and a rubbery Pebax block copolymer, 3-methyl sulfolene crystals 

were physically dispersed as filler at concentrations up to 30 wt% in PTMSP and Pebax 

1074.  The resulting sulfolene-doped PTMSP and Pebax 1074 films were mechanically 

stable over the additive concentration range explored.  (For the PTMSP system, films 

were difficult to form beyond 30 wt% sulfolene content.) 

 

 The effect of 3-methyl sulfolene additive on CO2 and H2 permeation properties in 

PTMSP is shown in Figure 25.  As sulfolene content increases from 0 to 30 wt%, the 

CO2/H2 selectivity of PTMSP increases from 2.3 to 6.5.  This selectivity improvement, 

though, is accompanied by a permeability decrease of 24-fold for CO2 and 100-fold for 

H2.  The presence of the large sulfolene filler particles apparently acts to hinder gas 

diffusion (and, hence, gas permeation) in PTMSP.  However, the CO2 permeability 

reduction is significantly less than that for H2 due to sulfolene’s affinity for CO2, which 

keeps the CO2 solubility (and, hence, its permeability) in the sulfolene-filled PTMSP 

fairly high still.  The nearly 3-fold increase in acid-gas selectivity observed in a polymer 

with intrinsically low acid-gas selectivity, such as PTMSP, suggests that 3-methyl 

sulfolene and similar compounds may be useful for enhancing CO2 and other acid gas 

separation properties of other polymer membrane materials. 
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Figure 25. Effect of 3-methyl sulfolene concentration on (a) pure-gas CO2/H2 selectivity 

and (b) pure CO2 and H2 permeabilities of PTMSP at 21 °C.  Feed pressure:  

50 psig.  Permeate pressure:  0 psig. 

 

 Consequently, we tried to extend the acid-gas adsorbent additive approach to a 

host polymer with higher intrinsic acid-gas selectivity.  The next polymer matrix chosen 

was Pebax 1074, a rubbery polyether-polyamide block copolymer with a high CO2/H2 

selectivity of ~8.  Table 5 presents the pure- and mixed-gas CO2 and H2 permeation 

properties of a Pebax 1074 film filled with 10 and 30 wt% 3-methyl sulfolene.  The 

permeation properties of Pebax filled with 10 wt% 3-methyl sulfolene are comparable to 

those of pure (unfilled) Pebax.  This additive concentration, though, may have been too 

low to have any effect on the properties of the host Pebax polymer.  Hence, a Pebax film 

with higher sulfolene content of 30 wt% was also prepared and tested; unfortunately, 

these data also suggest no clear effect on permeation properties relative to those in the 

unfilled polymer.  Thus, dispersion of an acid-gas adsorbent such as 3-methyl sulfolene 

into a polymer matrix with a higher intrinsic acid-gas selectivity than that of PTMSP 

appears to show little, if any, improvement in the acid-gas separation properties of the 

base polymer. 
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Table 5. Pure- and Mixed-Gas CO2 and H2 Permeation Properties of Rubbery Pebax 

1074 Polyether-Polyamide Block Copolymer Filled with 3-Methyl sulfolene 

at 21 °C 

 

Pure-gas permeability 

(barrer) 
CO2/H2 selectivity 

3-Methyl sulfolene 

content 

in Pebax 1074 

(wt%) H2 CO2 Pure-gas Mixed-gas 

0 

(Unfilled polymer) 
6.8 57 8.4 8.4 

10 6.8 62 9.1 8.0 

30 7.3 62 8.5 — 

 

Pure-gas tests: Feed pressure = 50 psig; Permeate pressure = 0 psig; Downstream He sweep 
used. 
 
Mixed-gas tests: Binary feed of 25% CO2 in H2; Feed pressure = 50 psig; Permeate pressure = 0 

psig; Downstream He sweep used; Stage-cut < 1%. 
 

3.7  Other Rubbery Pebax Blend Films 

 

 In additional attempts to improve its CO2 separation properties, the block 

copolymer Pebax 1074 was also physically blended with three other materials — fumed 

silica. polyethyleneimine [PEI], and a copolymer of PEI and poly(ethylene oxide) [PEO].  

The permeation properties measured on these blend films are summarized in Table 6. 

 

 Nanoscale fumed silica was tried because Merkel et al. had recently discovered 

that that the addition of fumed silica to high-free-volume polymers can significantly 

enhance the solubility selectivity of such materials, thus increasing the overall gas 

selectivity for highly sorbing gases.24  The first type of fumed silica added to the lower-

free-volume Pebax was the hydrophobic silica, Cab-O-Sil TS-530.  Unfortunately, the 

resulting fumed-silica-filled Pebax film possessed weak mechanical properties and failed 
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during permeation testing.  Incorporating a hydrophilic fumed silica into the relatively 

polar Pebax polymer may be more compatible and result in a mechanically more robust 

film; however, there was insufficient time to pursue this. 

 

 PEI is a viscous polymeric amine liquid possessing a very high concentration of 

amine groups.  Because amine functional groups have a strong affinity for acidic and 

polar gases, PEI has been studied as an acid (polar)-gas scavenger and as a high-capacity 

adsorbent for CO2.75  As a result, films of Pebax blended with PEI-containing materials 

were also investigated.  As shown in Table 2, films of Pebax mixed with pure PEI display 

a clear trend of decreasing gas permeability and decreasing CO2/H2 selectivity (i.e., 

increasing size selectivity for H2 over CO2) with increasing PEI content.  This result 

suggests that any enhancement in CO2/H2 solubility selectivity afforded by the PEI 

domains is more than offset by the increase in diffusivity selectivity due to PEI addition.  

The situation is less clear for Pebax blended with a PEI-PEO copolymer.  The 

incorporation of PEI-PEO copolymer at the low concentration of 22 wt% appears to 

reduce both gas permeability and CO2/H2 selectivity in a manner similar to pure PEI 

addition.  At the higher 40 wt% PEI-PEO copolymer content in Pebax, the H2 

permeability increases to a value somewhat higher than that of pure Pebax.  However, 

before the CO2 permeability could be measured, this blend sample became defective 

upon exposure to CO2.  Examination of the sample indicates that, because of its much 

higher ether content, CO2 had softened the blend film to the point where the film’s 

mechanical strength was lost.  On the basis of these results, blending Pebax with either 

PEI or PEI-PEO copolymer most probably does not improve acid-gas separation 

properties beyond those of base polymers already having moderately high acid-gas 

selectivity, such as Pebax or PEO. 
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Table 6. Pure CO2 and H2 Permeation Properties of Blend Films of Rubbery Pebax 

1074 Polyether-Polyamide Block Copolymer and Various Additives at 21 °C 

 

Pure-gas permeability 

(barrer) Additive blended 

into Pebax 1074 
H2 CO2 

Pure CO2/H2 

selectivity 

0  (Unfilled polymer) 6.8 57 8.4 

20 wt% TS-530 fumed silica (Failed)a (Failed)a — 

22 wt% PEI 

40 wt% PEI 

2.8 

2.4 

21 

15 

7.5 

6.2 

22 wt% PEI-PEO copolymer 

40 wt% PEI-PEO copolymer 

4.9 

7.4 

35 

(Failed)b 

7.1 

— 

 

ND ≡ Not determined 
Pure-gas tests: Feed pressure = 50 psig; Permeate pressure = 0 psig; 

Downstream He sweep used. 
a Film, though flexible, was mechanically weak and became defective upon 

exposure to feed gas. 
b Film cracked around O-ring seal as it had substantially softened and 

weakened during CO2 testing. 
 

3.8  PTMSP Impregnated with PEI 

 

 In an attempt to study its separation characteristics in membrane form, the 

polymeric PEI liquid was loaded into PTMSP, a highly permeable, high-free-volume 

polymer with intrinsically low acid-gas selectivity (CO2/H2 selectivity ~ 2) and 

considered to be nanoporous in nature.  In essence, by acting as a nanoporous support 

membrane, PTMSP may potentially be impregnated with PEI. 

 

 To check whether PEI improves the selectivity of PTMSP for CO2, the gas 

permeation properties of a PTMSP membrane before and after PEI impregnation was 

evaluated with pure gases, including H2 and CO2.  The PTMSP membrane was 
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impregnated with PEI (MW ~ 10,000) by immersing the PTMSP film in a low-viscosity 

solution of 10 wt% PEI in methanol for 36 h.  Because PTMSP swells significantly in 

methanol at room temperature, PEI was expected to enter and fill the nanoporous PTMSP 

matrix.  Upon removal from the impregnating solution, the PEI-loaded PTMSP was dried 

under vacuum at room temperature.  The resulting PEI-loaded PTMSP membrane was 

fairly tacky. 

 

 The permeation results obtained on PTMSP before and after PEI loading are 

summarized in Figure 26 and Table 7.  The pure, as-cast PTMSP membrane has high gas 

permeabilities that are in agreement with literature values.  After treatment with less 

permeable PEI, all gas permeabilities in PTMSP are reduced.  The CO2/H2 selectivity of 

PTMSP loaded with PEI, however, also decreases relative to that of plain PTMSP, even 

in a humidified feed environment (cf. Table 7).  The PEI treatment appears to make 

PTMSP more size-selective for the smaller H2 species.  Two possible explanations may 

be (i) that the amount of PEI loaded into PTMSP was too low to improve CO2 

permeability or (ii) that PEI itself does not have high permeability for CO2 despite the 

high CO2 sorption capacity reported for this polyamine in literature. 

 

103

104

105

40 60 80 100 120

Pu
re

-g
as

 p
er

m
ea

bi
lit

y 
(b

ar
re

r)

V
c
 (cm3/mol)

H
2

O
2

N
2 CH

4

CO
2

PTMSP

PEI-impregnated
PTMSP

 
 

Figure 26. Pure-gas permeability in PTMSP at 22 ºC before and after impregnation 

with PEI as a function of gas permeant size (critical volume Vc).  Feed pressure:  50 psig; 

Permeate pressure:  0 psig. 
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Table 7. Effect of PEI Impregnation on Pure H2 and CO2 Permeabilities of PTMSP in 

Dry and Moist Environments 

 

Pure-gas permeability 

(barrer) Membrane 
Dry or moist

feed? 
H2 CO2 

Pure CO2/H2

selectivity 

Pure PTMSP Dry 17,400 38,700 2.2 

PEI-impregnated PTMSP 

Dry 

Moista 

Moista (75 

°C) 

12,600 

13,300 

10,300 

21,800 

23,900 

12,100 

1.7 

1.8 

1.2 

 

T = 22 °C, unless otherwise noted. 
Feed pressure = 50 psig; Permeate pressure = 0 psig; No downstream sweep gas used. 
a Moist feed was obtained by passing dry feed gas through a bubbler filled with liquid water to 

saturate it with water vapor at the experimental temperature. 
 

 Although the data above indicate that PEI does not seem to improve permeation 

of CO2 over that of H2 in PTMSP, PEI may still increase CO2 uptake (solubility) in the 

PTMSP matrix.  To determine whether PEI-impregnated PTMSP has higher CO2 uptake 

than pure PTMSP, thermogravimetric (TGA) experiments in pure CO2 and moist CO2 

environments were performed on a PTMSP loaded with 19 wt% PEI.  For comparison, 

TGA tests were also conducted on control samples of pure PTMSP and pure PEI liquid.  

Mass uptake of TGA samples were systematically monitored in TGA environments of 

pure He, pure CO2, moist He, and moist CO2 at 75 °C and 1 atm.  Pure He was used to 

create around the sample an inert, reference environment in which gas desorption from 

the sample can occur between different sorption cycles.  Because He uptake in polymers 

and liquids is usually negligible relative to the uptake of penetrants such as CO2 and 

moisture, sorption in the moist He atmosphere is essentially that of H2O vapor.  Table 8 

presents the TGA results obtained on PEI-loaded PTMSP and compares them to those of 



    

 - 42 -  

pure PTMSP and pure PEI.  Buoyancy effects on the TGA results have been taken into 

account. 

 

 As shown in Table 8, impregnation of PTMSP with 19 wt% PEI does appear to 

increase the pure CO2 uptake (affinity) by ~69% relative to that in pure PTMSP.  More 

dramatic is the significantly higher H2O vapor uptake (1.75 wt%) in the PEI-loaded 

PTMSP, compared to only 0.049 wt% in hydrophobic PTMSP alone.  The pure PEI data 

confirm that this polyamine is strongly hydrophilic, sorbing a large amount of moisture.  

The CO2+water vapor uptake of 2.6 wt% observed for PEI-impregnated PTMSP 

suggests that the presence of water vapor may also enhance CO2 uptake because this 

value is greater than the additive uptake of pure CO2 and moisture (i.e., 0.64 wt% + 1.75 

wt%).  This synergistic effect of moisture on CO2 sorption is not seen for PTMSP.  In 

fact, PTMSP shows lower uptake of CO2+water vapor than the sum of its individual CO2 

and moisture uptakes due to competitive sorption.  Surprisingly, pure PEI by itself shows 

negligible CO2 sorption in these TGA experiments.  This observation conflicts with 

literature data showing that PEI should be able to sorb as much as 11 wt% CO2 at 75 °C 

and 1 atm.c  Possible explanations for this discrepancy may be that (i) the amine groups 

in PEI in pure polymeric liquid form were unavailable for CO2 sorption because they 

were hidden and thus inaccessible to CO2 or (ii) the active sorption sites in PEI were 

already saturated with CO2 at the time of the experiment such that stronger desorption 

conditions would be required to completely outgas presorbed CO2 from the sample before 

an experiment.  In particular, the second reason (i.e., CO2 is so strongly held by PEI that 

this gas cannot easily desorb at atmospheric pressure or at room or moderately warm 

temperatures), if true, may explain the lack of CO2 transport enhancement in the gas 

permeation results shown in Table 7 and Figure 26.  That is, CO2 is not being easily 

desorbed (released) from the PEI-loaded membrane in permeation tests.  This suggests 

that PEI, when dispersed on a substrate such as PTMSP, may be more useful as a sorbent 

for CO2 (and H2O vapor) than as a gas transport membrane 

 

                                                 
c See Footnote 2. 
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Table 8. Sorption Uptake Measured by TGA in Pure PTMSP, PEI-Impregnated 

PTMSP, and Pure PEI under Pure CO2, Moist CO2, and Moist He 

Atmospheres at 75 °C 

 

Mass uptakea (wt%) 
Sorbent sample 

Pure CO2 CO2+H2O vapor H2O vapor(+He)b 

PTMSP 

PTMSP+19 wt% PEIc 

PEI (polymer liquid)c 

0.378 

0.64 

Negligible 

0.383 

2.6 

8.0 

0.049 

1.75 

8.6 

 

Sorption pressure = 1 atm 
Gas flow rate = 35 cm3/min for pure CO2, moist CO2, and moist He 
Moist gas streams contain ~15 mol% water vapor in the gas of interest 
a Mass uptake = (mass of gas sorbed/mass of sorbent) × 100 
b Essentially H2O vapor uptake because He sorption is negligible 
c Data obtained at quasi-equilibrium state 

 

3.9  Reverse-Selective, Rubbery, Cross-Linked Poly(ethylene oxide) [XL-PEO] 

 

 Polar ether linkages have a strong affinity for acid (and polar) gases such as CO2 

and H2S.  Thus, rubbery poly(ethylene oxide) [PEO] with its polar ether linkages was 

selected as a polymer to investigate for acid gas separation.  The favorable interaction 

between polyether segments in this polymer and CO2 is expected to enhance membrane 

permeability and selectivity for CO2.  However, conventional high-molecular-weight 

PEO polymer is not only difficult to form into useful membranes but also highly 

crystalline, leading to rather low intrinsic gas permeability (flux).  By polymerizing PEO 

with UV light from low-molecular-weight poly(ethylene glycol)s, a rubbery PEO 

polymer that is wholly amorphous at room temperature and has a very high concentration 

of ether linkages can be formed.  The amorphous PEO is also fairly strong because it 

undergoes chemical cross-linking during the photopolymerization process.  Because it 

does not have crystallinity, the amorphous, cross-linked PEO [XL-PEO] possesses almost 

an order of magnitude higher gas permeability than conventional semicrystalline PEO. 
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3.9.1  Effect of Monomer Type 

 

 Rubbery XL-PEO films photopolymerized from monofunctional poly(ethylene 

glycol) monomers having two different end groups were evaluated for acid-gas 

separation performance with gas mixtures.  One class of materials, designated as “XL-

PEO (1)”, was prepared using poly(ethylene glycol) acrylate [PEGA] monomer, which 

has a hydroxyl end group.  The other class, labeled “XL-PEO (2)”, was synthesized from 

poly(ethylene glycol) methyl ether acrylate [PEGMEA] monomer, which is methyl-

terminated.  Both XL-PEO classes used difunctional poly(ethylene glycol) diacrylate 

[PEGDA] as the cross-linking agent.  All three components (PEGA, PEGMEA, PEGDA) 

have a high ethylene oxide content of 81-83%.  A summary of the pure- and acid-gas 

separation properties obtained for XL-PEO (1) and XL-PEO (2) with pure gases and a 

H2S-containing synthesis gas mixture is given in Table 9. 
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Table 9. Pure and Mixture Syngas Permeation Properties of XL-PEO (1) and XL-PEO 

(2) at 21-22 °C 

 

Pure-gas 

permeability

(barrer) 

Mixed-gas permeability 

(barrer) 
Selectivity 

Membrane 

H2 CO2 CO H2 CO2 H2S 
Pure 

CO2/H2 

Mixture

CO2/H2 

Mixture

H2S/H2 

XL-PEO (1) filmsa 

20% PEGA/20% PEGDA 

10% PEGA/10% PEGDA 

0% PEGA/20% PEGDA 

0% PEGA/100% PEGDA 

 

12 

13 

14 

14 

 

72 

70 

— 

64 

 

2.0 

ND 

ND 

— 

 

15 

15 

14 

12 

 

97 

92 

83 

60 

 

510 

470 

520 

— 

 

6.0 

5.4 

— 

4.6 

 

6.5 

6.1 

5.9 

5.0 

 

34 

31 

37 

— 

XL-PEO (2) film 

91% PEGMEA/9% PEGDA 

 

48 

 

410 

 

11 

 

50 

 

360 

 

2,500

 

8.5 

 

7.2 

 

50 

 

ND ≡ Not determined because CO concentration was below GC resolution. 

Pure-gas tests:  Feed pressure = 50 psig; Permeate pressure = 0 psig; Downstream He sweep rate ~ 43 
cm3/min 

Mixed-gas tests: Feed pressure =100 psig; Permeate pressure:  0 psig; Downstream He sweep rate ~ 43 
cm3/min; Stage-cut < 1%; 
Feed mixture of 0.6% H2S, 51% H2, 11.7% CO2, and 36.6% CO for all films, except 

0% PEGA/100% PEGDA [XL-PEO (1)] and 91% PEGMEA/9% PEGDA [XL-PEO 
(2)]; 

Binary feed of 25% CO2 and 75% H2 for 0% PEGA/100% PEGDA [XL-PEO (1)]; 
Feed mixture of 1.0% H2S, 35.7% H2, 12.5% CO2, and 50.8% CO for 91% PEGMEA/9% 

PEGDA [XL-PEO (2)] 
a Nomenclature is based on prepolymerization mixture composition.  The remaining percentage balance 

in these films refers to the amount of water solvent used in prepolymerization mixtures. 
 

 By using the PEGMEA monomer with the bulkier methyl ether chain end group 

rather than the hydroxy-terminated PEGA monomer, XL-PEO (2) exhibits both higher 

gas permeability and higher acid-gas selectivity than the XL-PEO (1) films.  The 



    

 - 46 -  

XL-PEO (2) film of composition 91% PEGMEA and 9% PEGDA has a permeability of 

48 and 410 barrers for pure H2 and CO2, respectively, and a pure CO2/H2 selectivity of 

8.5.  Relative to that of the XL-PEO (1) films made from either solely PEGDA or a 

PEGA/PEGDA combination, XL-PEO (2) has a 6-fold higher pure CO2 permeability and 

a 40-80% higher pure CO2/H2 selectivity.  Additionally, XL-PEO (2) has an excellent 

mixture H2S/H2 selectivity of 50, the highest value that we have seen for a polymer.  The 

measured mixture H2S permeability of 2,500 barrers is also among the highest values 

obtained for polymers.  The mixture CO2/H2 selectivity of XL-PEO (2) is ~15% lower 

than its measured pure-gas value mainly because of the lower CO2 partial pressure 

driving force under the given mixture test conditions.  More importantly, XL-PEO (2) 

achieves the higher permeability without sacrificing selectivity.   

 To better understand why permeability is higher in XL-PEO (2), the gas 

diffusivity and solubility components making up the overall gas permeability were 

decoupled.  This analysis indicates that gas diffusion coefficients are substantially higher 

in XL-PEO (2) than in XL-PEO (1).  The higher gas diffusivity in XL-PEO (2) is 

corroborated by its greater free volume, relative to that of XL-PEO (1), as determined by 

PALS, and is consistent with the larger free volume associated with the bulkier methyl 

ether end group in the PEGMEA monomer.  The higher permeability will help 

significantly to reduce the membrane area required for a separation process.  Of the 

reverse-selective polymers screened, XL-PEO (2) is a most promising membrane 

material for acid gas separation and was further studied with a binary CO2/H2 feed 

mixture. 

 

 As shown in Table 10, the feed pressure dependence of the mixture acid-gas 

separation properties of XL-PEO (2) was investigated with a binary CO2/H2 mixture.  

When the feed pressure was raised from 100 to 300 psig, the mixed-gas CO2/H2 

selectivity rose from 7.8 to about 9.0 due to an increase in CO2 partial pressure driving 

force and a small decrease in H2 permeability (due to compressibility effect).  The 

mixture CO2 permeability remained essentially constant at 355-360 barrers over the given 

experimental pressure range. 
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 To determine the potential effect of moisture on the acid-gas separation properties 

of XL-PEO (2), data obtained with a CO2/H2 feed saturated with water vapor at room 

temperature are also presented in Table 6.  The presence of moisture in the feed appears 

to enhance the permeation of CO2 in this membrane.  Relative to the value obtained with 

a dry feed at the same pressure, the CO2 permeability measured with a moist feed is 40% 

higher.  The H2 permeability, though, appears to be unaffected by the presence of water 

vapor at the given test conditions.  As a result, the mixed-gas CO2/H2 selectivity increases 

from 7.8 (dry feed) to 12 (wet feed).  Not too long after the experiment reached a pseudo-

steady state, the XL-PEO (2) film failed mechanically.  Moisture appears to weaken the 

polymer, making it more brittle and less elastic.  In light of this failure, more moist feed 

tests should be conducted on XL-PEO to determine its longer-term mechanical stability 

in the presence of moisture.  Optimization of the XL-PEO formulation would still be 

needed to make the material more robust for use under industrial conditions. 
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Table 10.  Pure and Mixture Syngas Permeabilities in XL-PEO (2) at 22 °C 

 

Gas permeability (barrer) 
Feed type 

Feed pressure 

(psig) H2 CO2 
CO2/H2 selectivity

Pure gas 50 48 410 8.5 

Dry 2-

component 

mixturea 

100 

150 

200 

300 

46 

43 

38 

40 

360 

355 

355 

355 

7.8 

8.3 

9.3 

8.9 

Wet 2-

component 

mixtureb 

100 43 515 12 

 

XL-PEO (2) film composition:  91% PEGMEA/9% PEGDA 
Permeate pressure = 0 psig; Downstream He sweep rate ~ 43 cm3/min 
a Binary feed of 25% CO2 in H2; Stage-cut < 0.02% 
b Humidified CO2/H2 feed mixture (25.12% CO2 and 0.33% H2O in H2); Stage-cut < 
0.05% 

 

3.9.2 Effect of Ether Linkage Chemistry 

 

 Previous studies have suggested that acid-gas separation performance is closely 

linked to the concentration and availability of polar linkages in polymers.76  To explore 

this influence of polar linkage chemistry on acid-gas permeation properties, novel cross-

linked poly(propylene oxide) [XL-PPO] films of two different monomer/cross-linker 

compositions were prepared according to the UV photopolymerization process used to 

make for XL-PEO.  One XL-PPO composition was 70 wt% poly(propylene glycol) 

methyl ether acrylate [PPGMEA] monomer and 30 wt% poly(propylene glycol) 

diacrylate [PPGDA] cross-linker; the second was 91 wt% PPGMEA and 9 wt% PPGDA.  

These XL-PPO films are mechanically more robust than XL-PEO samples.  Compared to 

that of XL-PEO, the XL-PPO chemical structure has a methyl side group.  To see the 
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effect of this methyl functionality on gas permeation behavior, the XL-PPO permeation 

results obtained are compared to those of XL-PEO in Table 11 and Figure 27. 

 

 The two XL-PPO films with different monomer/cross-linker ratios have 

essentially identical gas transport properties (cf. Table 11).  Increasing the PPGMEA 

monomer content from 70 to 91 wt% in XL-PPO has negligible effect on H2 permeability 

and only slightly increases CO2 permeability.  Compared to its PEO-based analog 

XL-PEO-91/9, XL-PPO-91/9 has ~11-16% lower CO2 permeability and ~84% higher H2 

permeability.  As a result, XL-PPO has CO2/H2 and H2S/H2 selectivities of only 4-5 and 

12-13, respectively, significantly lower than those of the corresponding XL-PEO-91/9 

film (CO2/H2 and H2S/H2 selectivities ~ 10 and 50, respectively). 
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Table 11. Acid-Gas Permeabilities and Selectivities Obtained for Dense XL-PPO and 

XL-PEO Films at 35 °C 

 

Gas permeability (barrer) Selectivity 
Film sample Feed type 

CO H2 CO2 H2S CO2/H2 H2S/H2 

Pure-gas 

Before syngas

After syngas 

 

— 

— 

 

81 

83 

 

350 

350 

 

— 

— 

 

4.3 

4.2 

 

— 

— 
XL-PPO-70/30 

Mixed-gas 18 85 360 1,050 4.2 12 

Pure-gas 

Before syngas

After syngas 

 

— 

— 

 

84 

83 

 

400 

395 

 

— 

— 

 

4.8 

4.8 

 

— 

— 
XL-PPO-91/9 

Mixed-gas 20 87 380 1,150 4.4 13 

Pure-gas 

Before syngas

 

— 

 

45 

 

450 

 

— 

 

10 

 

— XL-PEO-91/9 

Mixed-gas 13 46 450 2,300 9.8 50 

 

Film compositions: XL-PPO-70/30 ≡ 70 wt% PPGMEA/30 wt% PPGDA 
 XL-PPO-91/9 ≡ 91 wt% PPGMEA/9 wt% PPGDA 
 XL-PEO-91/9 ≡ 91 wt% PEGMEA/9 wt% PEGDA 

Feed pressure = 50 psig (pure-gas) and 100 psig (mixed-gas) 
Permeate pressure = 0 psig; Downstream He sweep rate = 43-44 cm3/min 

Syngas mixture used:  1.0% H2S, 36% H2, and 13% CO2 in CO; Stage-cut < 1% in mixed-gas tests 
 

 The difference in acid-gas permeation behavior of XL-PPO and XL-PEO can be 

rationalized in terms of free volume and polarity of the polymer matrix.  As shown in 

Table 12, the fractional free volume (FFV) of PPO-based materials is significantly higher 

than that of their PEO-based analogs.  For example, for the 70/30 monomer/cross-linker 

composition, XL-PPO FFV is 48% higher than the FFV of the corresponding XL-PEO.  

The higher XL-PPO free volume is a consequence of the nonpolar pendant methyl group 
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attached to the polymer chain backbone.  Because this methyl side group in XL-PPO is 

larger than the analogous hydrogen atom bonded to the XL-PEO backbone, it disrupts 

polymer chain packing efficiency and, thus, increases polymer free volume.  In turn, 

increasing free volume tends to raise overall permeability of the polymer.  As a result, 

XL-PPO has higher H2 permeability than its XL-PEO counterpart.  However, from the 

perspective of chemical polarity, PEO-based polymers possess a higher concentration of 

ether groups than those derived from PPO.  This higher concentration of polar ether 

groups gives XL-PEO a greater affinity for acid gases such as CO2 and, thus, 

compensates for the lower free volume (lower permeability) of XL-PEO by enhancing 

CO2 solubility in this material.  This “ether group” effect is manifested in XL-PEO 

having substantially higher acid-gas/H2 selectivity than XL-PPO.  Moreover, accessibility 

of ether linkages in XL-PPO to CO2 may be lower possibly due to a “shielding” effect of 

the methyl side group in XL-PPO.  Thus, for acid gas removal from syngas, XL-PEO still 

has the more desirable combination of selectivity and permeability relative to XL-PPO. 
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Figure 27. Comparison of (a) pure H2 and CO2 permeabilities and (b) pure CO2/H2 

selectivity in XL-PPO and XL-PEO films as function of feed gas pressure at 

35 °C.  Film composition is 91 wt% PPGMEA/9 wt% PPGDA for XL-PPO 

and 91 wt% PEGMEA/9 wt% PEGDA for XL-PEO.  Filled symbols represent 

data collected at RTI; open symbols are UT data.  Permeate pressure:  0 psig. 
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Table 12. Density, Fractional Free Volume (FFV), and Gas Permeability of Various 

XL-PPO and XL-PEO Materials 

 

Prepolymer composition 

(wt%) 

Permeabilityc 

(barrer) Polymer 

Monomer Cross-linker 

Densitya

(g/cm3) 
FFVb 

H2 CO2 

XL-PEO-91/9 91 PEGMEA 9 PEGDA 1.140 0.136 46 520 

XL-PEO-70/30 70 PEGMEA 30 PEGDA 1.155 0.128 31 320 

XL-PPO-70/30 70 PPGMEA 30 PPGDA 1.075 0.190 77 360 

 
a Polymer film density (ρ) was determined at 24 °C by hydrostatic weighing. 
b Polymer FFV was estimated as (V – Vo)/V,77 where V =1/ρ is the specific volume of the 

amorphous polymer at the temperature of interest and Vo is the specific occupied volume of the 
polymer at 0 K.  Typically, Vo is computed as 1.3 times the van der Waals volume, which is 
determined by a group contribution method. 

c Permeabilities were measured at 35 °C at feed pressure of 11 atm for H2 and 14.6 atm for CO2. 
 

3.9.3 Rubbery XL-PEO/MgO Nanocomposite Membranes 

 

 A novel rubbery XL-PEO (70% PEGMEA/30% PEGDA) nanocomposite film 

containing 43 wt% MgO nanoparticles was prepared at UT and sent to RTI for 

evaluation.  According to preliminary UT data, the MgO-filled XL-PEO nanocomposite 

should possess 3 times higher permeability than the unfilled XL-PEO without sacrificing 

the good CO2/H2 selectivity of 10-11 of the unfilled material.  As shown in Table 13, RTI 

pure-gas results confirm that incorporation of nanoparticles can raise the gas permeability 

of the XL-PEO matrix.  However, the 30-60% permeability improvement observed in 

RTI tests is significantly lower than that seen in preliminary UT experiments.  After 

following up with UT, we realized that reproducibility of the properties of these 

nanocomposite films is an issue.  For example, for a XL-PEO/MgO nanocomposite film 

from the same batch as the film tested at RTI, UT experiments indicated that this latest 

batch of nanocomposite films had a CO2 permeability actually about 27% lower than neat 
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XL-PEO.  At this time, we attribute the reproducibility of these XL-PEO nanocomposite 

membranes to variable quality control on the MgO nanoparticles. 

 

Table 13. Pure H2 and CO2 Permeation Properties in XL-PEO/MgO Nanocomposite 

Films at 35 °C 

 

Permeability, Ba 
Film 

H2 CO2 

CO2/H2 

selectivity 

Unfilled XL-PEO (UT data) 32 350 11 

XL-PEO + 43 wt% MgO 

(RTI data on Batch #2 sample) 
51 460 9.0 

XL-PEO + 43 wt% MgO 

(Preliminary UT data on Batch #1 sample) 
91 940 10 

 

XL-PEO composition: 70 wt% PEGMEA monomer with 30 wt% PEGDA cross-linker 

Feed pressure = 51 psig; Permeate pressure = 0 psig; Downstream He sweep rate ~ 43 

cm3/min 

 

4. Conclusions  

This research has resulted in two significant findings regarding nanocomposites:  

First, addition of MgO nanoparticles to PTMSP membranes significantly changes gas 

transport properties relative to those of the native polymer.  The diffusion coefficients for 

gases considered in this research increase significantly at MgO loadings in excess of 19 

volume percent.  This increase in diffusion coefficients is attributed to the creation of 

additional void space in the membrane as MgO loading increases. The solubility of MgO 

filled PTMSP also has a strong dependence on particle loading, although the behavior of 

CO2 and N2 solubilities at high loadings is not yet understood.  Due to the effect of MgO 

nanoparticles on diffusion and solubility, the light gas permeability increases with 

particle loading. Permeabilities in the 100,000 – 1,000,000 barrer range are observed, and 

the materials maintain some degree of reverse selective properties. 
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Second, MgO nanoparticles interact strongly with the trimethylsilyl group of 

PTMSP.  This interaction facilitates dispersion of the nanoparticles in the polymer, and it 

contributes to the formation of nanocomposites with extremely high MgO loadings (i.e., 

70 nominal volume percent MgO).  What is more, under certain circumstances, the 

interaction results in a desilylation reaction not only for polymers but for analogous small 

organic molecules.   

The addition of other CO2 selective materials reduced PTMSP and Pebax CO2 

permeability.  Addition of 3-methyl sulfolene has a detrimental effect on permeability in 

PTMSP but not in Pebax.  Addition of PEI to Pebax and PTMSP resulted in similar 

decreases in light gas permeability with increased loadings.  While 3-methyl sulfolene 

did as much as triple CO2/H2 selectivity, neither of these two additive materials 

appreciably altered the CO2/H2 selectivity of the Pebax. 

The gas transport properties of XLPEO were dependent on the monomers used to 

make the polymer.  By changing the hydroxyl end groups of poly(ethylene glycol) to 

methyl groups the permeability increased significantly for all test gases.  The ether 

linkages also influenced the permeability properties of light gases, (e.g., CO2 permeability 

in XLPEO was 18% higher than the comparable XLPPO membrane).  Also, addition of 

nanoparticles to XLPEO increased the permeability of test gases without a significant 

loss of light gas selectivity.    
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