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NOMENCLATURE

A	 Membrane area, cm2

Cim 	concentration of species i in the membrane phase, cc(gas)/cm 3

Din 	diffusion coefficient of species i in the membrane phase, cm 2/s

Jib	 flux of species i, cc(gas)/cm2.s or mol/cm2.s

pi	 partial pressure of species i, cm Hg

P 	 pressure, cm Hg

Q1	 permeability coefficient, cc.cm/cm2.s.cm Hg

RH	 relative humidity, %

S 	 Solubility of gas, cc/cm3 .cm Hg

tn 	membrane thickness, cm

V 1 	volumetric permeation rate of species i, cc(gas)/s

x i 	mole fraction of species i

YH2o mole fraction of water

Subscripts/superscripts/Greek letters

eff	 effective

i,j	 species

in	 inlet condition

f 	 feed condition

lm	 logarithmic mean value

out	 outlet condition

Dviii



p	 permeate side condition

sat	 saturation

t	 total

true	 true

En 	porosity of the substrate

tine 	 tortuosity of the substrate

An	 partial pressure difference of species i across the membrane, cm Hg

Coto 	 Selectivity of the membrane for species i over species j



CHAPTER 1

INTRODUCTION

1.1 Background

Separation and purification of gas mixtures with energy efficiency and selectivity is vital

to a broad array of industries and technologies. Regardless of the separation problem,

most current developments in separation and purification of gas mixtures rely on

developments in suitable adsorbents and membranes. Separation of different gas species

in a mixture is usually achieved by either chemical or physical means. Such approaches

include gas absorption into a solvent, pressure swing adsorption, cryogenic separation,

distillation, membrane-based separation etc.

Membrane-based processes have some definite advantages over the traditional

processes for gas separation as they are easy to scaleup because of their modularity, have

low maintenance and labor costs associated with their operation and have low energy

requirements. These advantages have helped membrane-based gas separation to become

an established unit operation (Ho and Sirkar, 1992; Geankoplis, 1993) Although

membrane-based gas separation has achieved major breakthroughs (Ho and Sirkar, 1992;

Stern, 1994; Koros and Fleming, 1993), many more are needed for economic and

efficient separation of mixtures of 02-02, CO2-CH4, CO2-air, olefin-paraffin etc.

Gas separation using facilitated transport membranes (FTMs) has been the

subject of considerable research for many years. Major advantages of FTMs over

conventional polymeric membranes include higher fluxes for reacting gas species like

carbon dioxide, olefins and the resultant high selectivities over nonreacting species like

nitrogen, paraffins etc. This is possible due to the additional mechanism of a reversible

1
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chemical reaction of the preferred gaseous species with a reactive carrier present in the

FTM in addition to the solution-diffusion mechanism. FTMs are particularly attractive at

low reacting species concentrations where the concentration driving force for the

solution-diffusion membranes is very low (Meldon et al., 1982; Ho and Dalrymple,

1994). Facilitated transport membranes include ion-exchange membranes, fixed-site

carrier membranes, contained liquid membranes, and immobilized liquid membranes

(Way and 0oble, 1992).

Figure 1.1 Schematic of an immobilized liquid membrane for gas separation

Figure 1.1 shows schematically an immobilized liquid membrane in a

microporous substrate. Immobilized liquid membranes (ILMs) contain a liquid solution

immobilized in the pores of the polymeric substrate by physical forces. They are also

referred to as supported liquid membranes (SLMs), particularly in the context when feed
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and sweep side are liquid streams. The liquid solution consists of a carrier and a solvent.

The carrier reacts reversibly with the gas species of interest.

ILMs can potentially provide the highest fluxes and selectivities for reacting

species such as carbon dioxide and olefins particularly at low concentrations in gas

separation. Despite the obvious advantages offered by the immobilized liquid

membranes, commercialization of these membranes has not taken place due to the

inherent limitation of stability of the liquid membranes. The main reasons for the

instability of the ILMs are due to (Chen et al., 1999):

- absence of any chemical bonding of the carrier to the substrate matrix

-	 evaporation of the carrier species and/or the solvent liquid into the gas

phases during the operation

- lower breakthrough pressures associated with the liquids.

The stability of aqueous-based ILMs is usually improved when the feed and

sweep sides are completely humidified, minimizing the loss of solvent (water) due to

evaporation (Teramoto et al., 1986). The long term stability of these membranes has not

been established in literature and obviously these membranes can not withstand even

temporary oscillations in the humidity conditions on either side of the liquid membranes.

A major factor that limited the practical applicability of such an approach is that the

sweep side always requires a sweep gas, essentially diluting the permeated gases. This

limitation has serious implications in downstream processing of the permeate stream or

when highest possible concentrations on the permeate side are required, either for

economic or environmental reasons. For example, in the separation of carbon dioxide

from gas mixtures for sequestration, the permeate side should be as concentrated as
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technically possible in carbon dioxide to reduce the gas volumes for further transport and

storage.

Another alternative way to improve the ILM stability is to use low-volatile and

hygroscopic solvents like polyethylene glycol for preparation of the ILM (Meldon et al.,

1986; Davis and Sandall, 1993; Saha and Chakma, 1995). However, the performance of

such a membrane has not been acceptable (Meldon et al., 1986).

Some of the possible approaches that can be considered to improve the stability of

the ILMs are:

-	 to select a carrier which itself is highly viscous and non-volatile and does

not require a solvent,

-	 to select a solvent which is highly viscous and non-volatile, and can

accommodate carrier species for efficient transport of reacting gas species,

-	 to select a solvent which is viscous and non-volatile and may not require

the presence of water for the selectivity.

If the presence of water is needed for the reversible chemical reaction to occur,

then, in the first approach the carrier should be also hygroscopic while the solvent should

be hygroscopic in the second approach.

1.2 Development of Stable, Highly Selective ILMs

The present thesis focuses on these three approaches towards improving the stability and

performance of the ILMs for gas separation for two applications, namely CO 2 separation

and olefin-paraffin separation.
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The first approach of improving the ILM stability by employing a liquid

membrane system where a carrier is the only component in the ILM is studied using a

new class of hyperbranched polymers called dendrimers. This class of polymers has

molecular weights ranging from 518 to several thousands depending on their generation.

They also offer the needed properties like non-volatility, good chemical and thermal

stability, reversible complexation capability etc. (Tomalia et al., 1990). The selective

separation of CO 2 from CO2-N2 mixtures using a generation zero poly(amido amine)

dendrimer is studied in Chapter 2.

For the second approach of selecting a suitable solvent, glycerol is an ideal

solvent for containing the carriers needed for the facilitation reactions for the gas

separation systems studied here. Glycerol possesses excellent characteristics: it is highly

hygroscopic; its highly variable viscosity with water content may be of considerable

utility; it is essentially non-volatile (Chen et al., 1999). The contribution of glycerol as

the solvent toward stability of the ILMs for carbon dioxide separation has been

demonstrated (Chen et al., 1999) by dissolving carriers such as sodium carbonate. In the

present thesis, the concept of using glycerol as the solvent in place of water for forming a

stable ILM is extended to other facilitated transport systems in gas separations. The ILMs

for the separation of olefins from paraffins are studied here by incorporating silver nitrate

as the facilitating agent for olefins in glycerol. The stability and the performance of such

an ILM are demonstrated. Selective separation of 1-butene from a mixture of 1-butene

(olefin) and n-butane (paraffin) in nitrogen is studied as an example system through silver

nitrate-glycerol ILM in microporous flat membranes. An introduction to the problem and
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prior approaches have been provided in Chapter 3. The experimental details and results

are also presented and discussed in Chapter 3.

Facilitated transport membranes provide very good selectivities and permeances

for the reacting species (e.g. C02, olefins) when they are present in low concentrations in

the feed gas mixture. However, their performance at high feed side concentrations of the

reacting gases is usually compromised due to carrier saturation. The presence of glycerol

in the present ILMs does not prevent this deterioration in performance at higher CO2

concentrations as it is essentially non-selective to carbon dioxide (Chen et al., 1999).

(The same observation is true in the separation of 1-butene/n-butane mixtures.) There is

always a need for better solvents which have selectivities for the gas of choice (third

approach). Glycerol carbonate is explored in Chapter 4 of the present thesis as a possible

C02-selective physical solvent for carbon dioxide separation. Whether glycerol carbonate

can be used as solvent for carriers such as sodium glycinate, dendrimers for carbon

dioxide separation has also been explored in Chapter 4.

1.3 Formation of Thinner ILMs for Enhanced Permeation

The permeances of gas species across a liquid membrane are dependent on its thickness.

The reduction in thickness of the ILM reduces the diffusional path lengths for the

reacting species or its complexes as well as for non-reacting species. The ILMs formed

with thickness smaller than that of the substrate employed in the present thesis are

referred to as "thin ILMs" in the present context whereas the ILMs filling the entire

porous region of the substrates are referred to as "full ILMs".
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Because of the higher viscosities of glycerol or dendrimers, the fluxes of the

reacting species like carbon dioxide or an olefin can be lower than those obtained in

water-based ILMs. Correspondingly, the fluxes of non-facilitated species e.g. N2,

paraffins etc., can also be considerably lower. Therefore, the selectivities of these ILMs

may be much higher than those obtained by the water-based ILMs (Chen et al., 1999). So

it is logical to try to improve the fluxes for these glycerol-based or dendrimer-based

ILMs. However, thin ILMs are likely to yield lower selectivities for most of the partial

pressure range of the reacting species as the increased fluxes due to the facilitating

reactions are considerably reduced in comparison to the solution-diffusional transport

rates.

Most of the literature on thin ILMs involved essentially a singular feature. The

thin films were formed on top of a substrate by forming gel membranes with polymers

such as poly (acrylic acid) (Matsuyama et al., 1996) or polyvinyl alcohol (PVA) (Ho and

Dalrymple, 1994). While polyacrylic acid gel-based thin films are formed via plasma

polymerization, the PVA membranes were formed via coating and subsequent

crosslinking and heat treatment. 0ther thin films (ILMs and non-ILM facilitated transport

membranes) followed similar routes (Quinn and Laciak, 1997; Quinn et al., 1997). In

most of these cases, the thickness of the thin film is usually anywhere from 2.9 trim (Ho

and Dalrymple, 1994) to 50 pm (Matsuyama et al., 1996) depending on the difficulties

involved in the membrane formation.

Thin ILMs were also formed by immobilizing the aqueous-based liquid

membrane through only part of the thickness of the substrate pores (Bhave and Sirkar,

1986) of hydrophobic Celgard films of polypropylene. The ILM thickness was reduced



8

by evaporating the water from the ILM from one side of the substrate membrane leading

to an ILM thickness less than that of the substrate. This approach can lead to thinner

ILMs with higher fluxes. However, the substrate studied was a microporous Celgard film

with essentially uniform pore dimensions across the thickness of the substrate. Because

of this reason, it is not possible to form thin ILMs with any non-volatile solvent other

than water employing this approach.

A recent effort to form thin glycerol-based ILMs in microporous PVDF substrate

met with limited success (Chen et al., 2000). The glycerol-based thin ILMs were formed

by contacting one side of the substrate with the liquid solution for a finite amount of time.

The time of contact was always less than that would normally be observed to completely

wet the substrate. Even though an increase in C02 permeances by as much as a factor of 3

was observed with thinner ILMs, the C02/N2 selectivity suffered drastically and the

stability of the liquid membrane was also not encouraging. The reason for this behavior

was the relatively uniform characteristics of the substrate membrane across its thickness

and pore size distribution. In addition, the thin liquid film was exposed to the feed gas

pressure on the coating side which allowed the solution to spread to larger pores under

gas pressure and thereby introduce tiny defects. Even though this technique is inherently

practical, its applicability to liquid with different viscosities and wetting characteristics is

not known.

The present thesis investigates two novel techniques for forming thin ILMs for

C02-N2 separation; they are illustrated in Chapter 5. These techniques are expected to be

particularly advantageous for higher partial pressure ranges of the reacting gas species
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where commercially available polymeric membrane processes tend to have low

selectivities. Broadly, the two techniques can be described as:

1) forming an ILM in a thin section of the substrate membrane

2) forming a support layer on top of a substrate membrane and the liquid

membrane is immobilized in this support layer.

There are differences between the first technique investigated in the present thesis

and some of the thin films studied in literature (Bhave and Sirkar, 1986; Chen et al.,

2000). The present technique utilizes the asymmetry of the pores in a given substrate. In

other words, the present technique is applicable to asymmetric substrate membranes

and/or composite membranes. It can also be applied to non-aqueous systems. The

perceived advantage of the present technique is that it can lead to stable and thin ILMs

within a small section of the substrate.

If an ILM is located in a thin support film on top of a substrate matrix, it can be

expected that the thickness of the ILM is the same as that of the support film. It can be

very small compared to that of a full ILM formed in the substrate. One such way to form

thin porous films is attempted here by interfacially polymerizing the support film for the

ILM on a porous substrate matrix. Interfacial polymerization occurs between a water

soluble reactant A and an organic soluble reactant B at the aqueous-organic phase

interface. The polymeric films formed through interfacial polymerization generally are

very thin and have been primarily used as reverse osmosis membranes (Cadotte et al.,

1981). Applicability of such films for immobilizing liquid membranes is not studied in

literature so far. The support layers formed in the present study via the approach of

interfacial polymerization are immobilized with pure glycerol carbonate,


