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ABSTRACT
Membrane Materials and Technology for Xylene Isomers
Separation and Isomerization via Pervaporation
Rakan Sulaiman Bilaus

P-xylene is one of the highly influential commodities in the petrochemical
industry. It is used to make 90% of the world’s third largest plastic production,
polyethylene terephthalate (PET). With a continuously increasing demand, the
current technology’s high energy intensity has become a growing concern.
Membrane separation technology is a potential low-energy alternative.
Polymeric membranes were investigated in a pervaporation experiment to
separate xylene isomers. Polymers of intrinsic microporosity (PIMs) as well as
polyimides (PIM-PI), including thermally cross-linked PIM-1, PIM-6FDA-OH and
thermally-rearranged PIM-6FDA-OH were investigated as potential candidates.
Although they exhibited extremely high permeability to xylenes, selectivity
towards p-xylene was poor. This was attributed to the polymers low chemical
resistance which was apparent in their strong tendency to swell in xylenes.
Consequently, a perfluoro-polymer, Teflon AF 2400, with a high chemical
resistance was tested, which resulted in a slightly improved selectivity. A super
acid sulfonated perfluoro-polymer (Nafion-H) was used as reactive membrane
for xylenes isomerization. The membrane exhibited high catalytic activity,
resulting in 19.5% p-xylene yield at 75ᵒC compared to 20% p-xylene yield at
450ᵒC in commercial fixed bed reactors. Nafion-H membrane outperforms the
commercial technology with significant energy savings.
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Chapter 1: BACKGROUND
The world “Xylene” is derived from the Greek word “Xylos” which means wood.
Xylenes, first discovered in wood spirit in 1850, are aromatics hydrocarbons
comprising of a benzene ring and two methyl groups (C8H10). They exist in the
form of three isomers, o-xylene, m-xylene, and p-xylene, as shown in Figure 1. Pxylene, 79% of xylenes total demand in 2012, is mostly used as precursor to
produce terephthalic acid (PTA) and dimethyl esters, which are used to produce
polyethylene terephthalate (PET) polyesters. M-xylene, 1.3% of xylenes total
demand in 2012, is a mainly used as a raw material to produce isophthalic acid
(PIA), which is used to complement polyesters. Finally, o-xylene, 7% of xylenes
total demand in 2012, is mainly used to produce phthalic anhydride[1-3].

p-xylene

m-Xylene

Figure 1: Xylene isomers.

o-Xylene
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1.1 P-xylene Sources
P-xylene is one of the highly influential commodities in the petrochemical
industry and is commonly used for production of polyethylene terephthalate
(PET) as shown in Figure 2 [4]. 10% of PET’s production is used to manufacture
bottles, around 66% is used to produce fibers, and the remaining is for packaging
films and others.

Figure
2: Synthesis of polyethylene terephthalate.
Figure 2: Synthesis of polyethylene terephthalate

The most common source of xylenes is from naphtha that is distilled from crude
oil, which is processed through a distillation column to separate light from heavy
fractions. The naphtha cut is extracted from the upper portion of the column and
then sent to a hydrotreating unit to remove impurities, such as sulfur, nitrogen,
metals and olefins. The hydrotreating unit consumes hydrogen and produces
treated “sweet” naphtha. Sweet naphtha is highly paraffinic with a low octane
number, which makes it not a very good blending component for gasoline or a
feedstock for petrochemical complexes. Thus, sweet naphtha is processed in a
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catalytic reforming unit to increase the aromatics content in the product
“reformate”. Depending on the aromatics content desired, the catalytic reforming
unit operating conditions can be moderate or severe. For maximum p-xylene
production, aromatics content is maximized under severe operating conditions
[5, 6].

The reformate stream is further fractionated to separate the lighter end
components; benzene and toluene, which are further extracted and purified
using polar solvents. The bottom of the column is further fractionated to
separate the C8 aromatics from the heavier fractions. The heavier fractions are
then either processed or sent to storage, while C8 aromatics are sent to the pxylene extraction unit, where high-purity p-xylene can be obtained by means of a
selective molecular sieve adsorption using a simulated moving bed process [7].
The raffinate from the unit that is almost depleted in p-xylene is fed to the
xylenes isomerization unit, to produce more p-xylene, restoring thermodynamic
equilibrium. The product from the isomerization unit is recycled to the p-xylene
extraction unit, leading to conversion and extraction of almost all xylene isomers
to p-xylene. Figure 3, illustrates the process mentioned above.
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Figure 3: Process diagram for p-xylene production.

The xylene isomerization catalytically promotes the dealkylation of the ethyl
group from ethylbenzene, transalkylation, and isomerization of the xylenes to an
equilibrium mixture. The catalyst used has two main functionalities; acidic and
metallic functionalities. The metal function promotes saturation of olefins such
as ethylene formed from ethylbenzene dealkylation. For example, m-xylene can
follow two different reaction routes: isomerization into p-xylene and o-xylene or
disproportionation into toluene and trimethyl-benzene. The main function of the
catalyst is to promote the isomerization reaction and prevent disproportionation
[8, 9]. In addition, side reactions may occur such as non-aromatics cracking into
light hydrocarbons due to the catalyst acid function or olefins hydrogeneation
due to the catalyst metal function. Dealkylation and isomerization reactions are
illustrated in Figure 4.
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Figure 4: a) Xylene isomerization and b) ethylbenzene dealkylation reactions.

The feed to the isomerization unit is the raffinate stream from the p-xylene
extraction unit, which is combined with recycle hydrogen-rich gas and hydrogen
make-up coming from the hydrogen generation unit or the catalytic reforming
unit. The combined feed is heated up and fed to the reactor, where near
equilibrium composition is achieved. The reactor effluent is fed to a separator
drum where a hydrogen rich recycle stream is drawn off the top of the drum. The
bottom of the drum is sent to a de-heptanizer column. The overhead vapor,
mainly ethane, is sent to fuel gas and the liquid distillate, rich in benzene, is
processed in the benzene extraction unit. The bottom of the column, p-xylene
rich, is recycled back to the fractionation column upstream the p-xylene
extraction unit, where the heavier components C9+ are removed. The extractionisomerization loop is designed to convert most C8 aromatics to p-xylene to be
extracted with high purity [5, 6]. Figure 5 is a simplified flow diagram of the
xylenes isomerization unit.
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Figure 5: Process flow diagram of a typical xylenes isomerization unit.

There is also a small amount of p-xylene produced from Pyrolysis Gasoline
(Pygas), which is produced in ethylene plants. The pygas is then contacted with a
methylating agent and a catalyst to produce p-xylene [10]. Finally, p-xylene can
also be produced from dimethylfuran, which can make the process 100%
renewable[11]. However, the latter is not yet fully developed.

1.2 P-xylene Economics
P-xylene is one of the most profitable petrochemical commodities. PET is the
third largest plastic production by weight, after polyethylene and polypropylene.
Around 60 metric tons (mt) of PET was produced in 2011, with an annual
growth rate of 5 to 7% [3].
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Prices of p-xylene vary a lot throughout the year and are influenced by various
factors, such as crude oil and gasoline prices, seasonality as well as supply and
demand. For example, during 2013, monthly averaged prices varied from
$1400/mt to $1650/mt. P-xylene prices are considerably higher than gasoline
prices in the US. During 2013, the average price for p-xylene is $1525/mt, while
the average gasoline price is $1400/mt [12]. This is one of the reasons why
petrochemical plants have higher margin than refineries; therefore many
refiners, recently, are moving aggressively towards petrochemicals integration.
The world’s production capacity was 11. 7 million mt/year in 2009. It is
dominated by three major players due to specific and unique advantages. Asian
producers enjoy low construction and labor costs and proximity to the market.
The Middle East exploits feedstock availability and low utility costs, while North
America’s and Western Europe’s market is considered mature. Figure 6,
illustrates the world’s production capacity.
World's p-xylene Capacity, 2009
2% 1%
East Asia

8%

South East Asia

14%
49%

6%

South Asia
Western Europe

7%

North America
13%

Middle East
Central Eastern Europe
South America

Figure 6: Geographical distribution of p-xylene production capacity.
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Over the next five years, a 27% increase in demand and 22% in supply of xylenes
is forecasted [3]. The major p-xylene producers are planning ambitious and
aggressive expansion projects over the next 5 years. China is planning a capacity
increase of 41% bringing the total p-xylene production to 12.1 million mt/year.
China’s rival, South Korea, is increasing its capacity by 91%, scaling up to a total
of 10.5 million mt/year. The Middle East is planning a significant surge of 200%,
expanding its production to 10.85 million mt/year[12].

1.3 P-xylene Current Production Technologies
Because the major source of xylenes is reformate, which is produced via catalytic
reforming in refineries, it will be discussed in more detail here. The reformate is
split in two steps to separate benzene and toluene, while the rest is further
fractionated to separate C9 and heavier components, and the C8 components are
sent to the p-xylene extraction facility. The feed stream components are mainly,
ethylbenzene, p-xylene, m-xylene, and o-xylene. Their boiling and melting
temperatures are tabulated below:

Table 1. Xylenes and ethylbenzene boiling/melting temperatures.
Boiling Temperature (°C)

Melting Temperature (°C)

Ethylbenzene

136. 2

-95

p-xylene

138. 4

13

m-xylene

139. 1

-48

o-xylene

144. 4

-24
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As expected, boiling temperatures of isomers are very close. Separation of
ethylbenzene or o-xylene from the rest can be achieved through distillation.
However, it is almost impossible to separate the p-xylene from m-xylene by
means of distillation as the difference in their boiling temperatures is less than
1°C. The similarity in boiling temperatures is due to the small variations in the
intermolecular forces, as lower molecular forces decrease the boiling point
temperature and vice versa. On the other hand, the symmetry of p-xylene allows
for more molecular rotation, hence, reducing significantly the driving force for
melting (i.e. small entropy of fusion). Thus, p-xylene has a higher melting point,
in comparison [13].
There are two dominating technologies to extract p-xylene from the above
mixture; crystallization and adsorption. The former exploits the difference in
each component’s melting point, whereas the later uses molecular sieves in a
simulated moving bed process. Because crystallization is the oldest technology, it
will be only discussed briefly.

1.3.1 Crystallization
The main principle of crystallization is utilizing the difference in melting points
of the components in the feed stream to separate p-xylene. Typically, the mixture
is refrigerated to solidify p-xylene so it can be easily separated. The slurry
containing p-xylene crystals is fed to filtration and purification units where the
slurry is washed to purify the crystals. The remaining p-xylene deprived stream
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is fed to an isomerization unit and recycled to increase p-xylene production.
Handling of crystals in mechanical and rotating equipment is essential, which
makes the equipment prone to failure. Thus, multiple trains are usually installed
[14].

1.3.2 Adsorption
In order to identify the advantages and disadvantages of a proposed new
technology (e.g. membranes), it is essential to fully understand the currently
deployed technology. Therefore, great emphasis will be placed here on molecular
sieves adsorption using simulated moving bed; adsorption theory, molecular
sieves, and the adsorption process.

1.3.2.1 Theory of Adsorption
Adsorption is a surface phenomenon involving a solid and a fluid (either a liquid
or a gas), where selective mass transfer occurs between these two phases. On
one hand, there is the surface of the solid called the adsorbent, and on the other
hand there is the fluid phase containing the compounds of the feed called the
solutes and a carrier called the desorbent. In general, there are two types of
adsorption processes; chemical adsorption and physical adsorption. The latter is
used in molecular sieving for p-xylene extraction applications. Physical
adsorption involves a lower level of energy compared to chemical adsorption,
because the forces linking the surface of the solid and the molecules of the fluid
are van der Waals forces, similar to those acting in vapor condensation. In the
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case of an ionic solid such as molecular sieves, additional electrostatic forces play
an important role.
In molecular sieving adsorption, the most important parameter is the size and
the shape of the molecule. The size is characterized by the kinetic diameter,
which is the diameter of the smallest diameter generated by the rotating
molecule. When two components with different kinetic diameters are to be
separated, the adsorbent is chosen to have an intermediate micropore diameter.
The result is a filtering effect that retains the larger molecules and allows
penetration of the smaller ones. Theoretically, selectivity through geometry can
be very high, up to infinite values, provided that it is possible to find the right
size of micropore.

1.3.2.2 Adsorbent (Molecular Sieves)
The adsorbent is a zeolite, which is a silica-alumina crystalline structure (SiO4 or
AlO4 tetrahedral). It has cavities of about 0.8 nm to preferentially trap p-xylenes.
Zeolite is a powder made of fine particles (about 1 mm in diameter) referred to
as micrograins. They are very efficient for adsorption, but are too small to be
used in vessels, because their small size would generate a very high pressure
drop. Therefore, the zeolite micrograin powder is mixed with an inert or nonselective binder (macrograins) and reshaped into larger extrudates or beads.
Their diameters range between 0.5 and 1 mm and have high internal porosity.
The porosity of the binder enables the molecules to penetrate the grain and to
have access to the zeolite micrograins, which corresponds to the tunnels formed
by the cavities [15].
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1.3.2.3 Counter-Current Adsorption (Simulated Moving Bed)
The principle of counter-current adsorption can be summarized in three steps:
1. Adsorption: the component(s) with greater affinity for the solid adsorb
more readily than the others, but selectivity is not 100%.
2. Elution: the majority of the non-adsorbed molecules are washed away
by the desorbent, which is mixed with the feed in the liquid phase.
Simultaneously, a small amount of the molecules of the adsorbed
component are also washed away.
3. Desorption: this is the regeneration step, in which the surface of the
adsorbent becomes able to again adsorb molecules of the component to
be separated. This desorption is also achieved by the desorbent that
washes away the free molecules of the adsorbed component. Then the
equilibrium between the adsorbed and free molecules comes into play,
allowing the adsorbed molecules to desorb progressively and enrich the
liquid phase, leaving the solid with a clean surface.

The process described above is the basic principle of chromatography. When the
feed is introduced, the strongly adsorbed molecules are attracted more strongly
to the solid adsorbent’s surface. The continuously injected desorbent attracts the
adsorbed molecules redistributing them continuously until no more adsorbed
material remains at the feed location. Because of the stronger attraction of the
adsorbent for separated molecules, two distinct concentration profiles appear
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and move along the bed. At any given section along the bed, an equilibrium is
established between the desorbent, highly adsorbed and less adsorbed
molecules in the liquid (moving) phase and the same components adsorbed on
the surface of the adsorbent (stationary phase). From the same outlet, the less
adsorbed molecules will exit prior to the highly adsorbed molecules, hence,
achieving separation. The operation is analogous to that of batch distillation by
steam stripping; in liquid phase chromatography, the chromatograph outlet
composition changes with time similarly to the overhead composition in batch
distillation. However, in counter-current chromatography, the adsorbent is not
stationary, but moving in the opposite direction of the desorbent, leading to
different outlets for the separated components [16]. The process is illustrated in
Figure 7 below:

Although this process may work without problems in a laboratory scale,
however, in a large industrial scale, several issues arise. Movement or circulation
of the molecular sieves causes attrition, which lowers its performance. In
addition, the movement will result in higher bed porosity, which is detrimental
for molecular sieves applications [16]. Simulated moving bed is a clever solution
to overcome these limitations. The adsorbent beds are fixed, while the countercurrent flow is simulated by changing the locations of the inlet and outlet
streams. As the liquid flow is in one direction, and the inlets and outlets are
moving in the same direction, the solid seems to move in the opposite direction,
thus achieving counter-current chromatography. In a typical industrial
application, 24 adsorbent beds are required to achieve the desired separation
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with high yield and purity. For each bed, there are 4-5 inlet and outlet streams
with a dedicated valve on each stream. With the addition of fine-tuning valves,
the number exceeds 120 valves (Axens, IFP Group Technologies), or significantly
less valves, but with a large rotary valve (UOP, Honeywell) [5, 16].

Direction of flow, Concentration profile, and inlet/outlet streams
Desorbent

Feed

Extract (p-xylene rich)

Raffinate (p-xylene poor)

Figure 7: Principle of simulated moving bed in xylenes separation (transparent
arrows are next inlet/outlet streams positions).

Chapter 2: THEORY AND LITERATURE REVIEW
2.1 Membranes in Xylene Separation
The above mentioned technologies to separate xylenes isomers are very well
established and commercialized; however, their high energy intensity is
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inherent, regardless of several optimization efforts. These processes require
multiple distillations, excessive heating/cooling cycles, and rotating equipment,
which results in high operating cost. On the other hand, membrane processes,
can potentially offer a less energy intensive solution and be more economically
and environmentally attractive. Their compact sizes and operation without
expensive desorbents are additional advantages. The challenge to develop a
suitable membrane process that can offer the above mentioned advantages will
depend primarily on finding a membrane material that has high permeability
and high xylene isomer selectivity.

2.1.1 Polymeric Membranes
Polymeric membranes separate components by capitalizing on their diffusivity
and solubility differences. The difference in diffusivity of xylenes isomers can be
generally attributed to the difference in their molecular sizes. P-xylene has a
molecular size of approximately 0.67 nm, while m-xylene and o-xylene have
molecular sizes of 0.71 nm and 0.74 nm, respectively [17]. Several attempts have
previously been made using polymeric membranes, including polyurethane and
polyamides [18, 19]. However, none of these efforts gave any promising results.
Polymeric membranes failed to exhibit high permeability and/or high selectivity
for p-xylene. Furthermore, their poor chemical and thermal stability makes the
separation even more challenging.
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2.1.2 Zeolite Membranes
Compared to polymeric membranes, zeolite membranes have well-defined pore
size and structure and also exhibit high thermal, chemical and mechanical
stability. Zeolites are widely used as catalysts, ion exchangers and adsorbents.
When zeolites are grown as thin films, they are referred to as zeolite membranes
[20]. Among hundreds of zeolite structures, MFI (ZSM-5) zeolite is widely
preferred for xylenes separation, because its pore size is in the range of xylenes
molecular sizes, which results in exceptional shape selective properties.

MFI zeolites have medium pore sizes (10-rings) with two channel types; straight
and cross channels. Straight channels (0.54 nm x 0.56 nm) can be easily
accessible when the zeolite is at b-orientation, while cross-channels (0.51 nm x
0.54 nm) are accessible when the zeolite is at a-orientation. Superior
performance in xylenes isomers separation, as expected, was achieved when boriented MFI zeolite was used [21].
However, defects in zeolite membranes and scalability are issues that have
limited the commercialization of this technology for decades. The recent
introduction of nanocomposite zeolite membranes has contributed significantly
to the reduction of defects. Furthermore, a recent advancement made by
Tsapatsis eliminated cracks created at the boundary of grain zeolite crystals
during the synthesis of the membrane. The zeolite modification, called Rapid
Thermal Processing (RTP), showed significant reduction in the number of
defects in calcinated zeolite membranes [22]. Nonetheless, zeolite membranes
are still facing significant challenges in elimination of defects, cost and scalability.
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2.2 Membranes and Membrane Processes
Membranes, in general, are thin films that preferentially permeate a species
compared to the other feed components. There are two types of membranes, i.e.
microporous and nonporous dense membranes. This work is focused on dense
membranes as they are most suitable for the application of xylenes separation.
It is widely accepted that transport through dense membranes follows the
solution-diffusion model, which proposes that the gradient in species chemical
potential is the driving force for the permeation through the membrane.
Therefore, the flux through the membrane can be formulated by an equation that
is similar to Fick's law:
(1)
Where Ji is the flux of a species and dµi/dx represents its chemical potential
gradient across the membrane, while Gi is a coefficient relating the two terms.
The model makes a couple of assumptions to describe the transport phenomena.
The first assumption is that the permeating species are in equilibrium at the
interface of the membrane, which entails that the rate of diffusion through the
membrane is the limiting step and interfacial sorption and desorption are much
faster processes. The second assumption is that the pressure is maintained
constant across the membrane, leaving the concentration gradient to be the only
driving force for the chemical species [23].
Different membrane processes are used to separate gases and vapors or liquids.
The two processes that can potentially be used for xylenes separation are vapor
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permeation (VP) and pervaporation (PV). While the processes are similar, VP’s
feed is in gas phase and a sweep gas or vacuum is applied on the permeate side to
increase the driving force. On the other hand, PV’s feed is in liquid phase and the
permeate is maintained at very low vapor pressure through vacuum or sweep
gas, allowing the desired components to evaporate through the membrane. A
schematic showing the differences of the processes is presented in Figure 8 [24]:

Figure 8: Pervaporation (PV) (right) and vapor permeation (VP) (left).

2.2.1 Pervaporation
Pervaporation is a comparatively new unit operation process. The word was
originated by Kober in 1917 [25] and the process was first studied methodically
by Binning’s group in the 1960s [26]. Pervaporation involves two steps: (i)
permeation through the membrane and (ii) evaporation; hence, the name
pervaporation. Normally, the feed side is kept at ambient pressure, while
vacuum is drawn on the permeate side to lower its vapor pressure. The driving
force for the separation is the vapor pressure gradient. Pervaporation is used to
separate mixtures with similar boiling points or azeotropes that are otherwise
difficult to separate by conventional methods, such as distillation.
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The solution-diffusion model for pervaporation shows the dependence of the
driving force on the vapor pressure difference by the following equation:
(2)
where

is the flux of species i,

is the gaseous phase permeability coefficient of

the membrane, is the thickness of the membrane and

is the difference

in partial vapor pressures of feed and the permeate species [27].
Based on the equation above, the flux increases with a decrease in permeate
pressure and flux minimizes as the permeate pressure approaches the vapor
pressure of the feed. Furthermore, it can also be noted that an increase in the
total feed pressure produces a minimum change in the partial pressure, leading
to a minimum change in the flux. Therefore, higher pressures upstream the
membrane will not result in meaningful increase in flux [28].
The separation factor, βpervap, can be defined as the ratio of the desired
component over the other on both sides of the membrane as follows:
⁄

⁄

where

⁄

⁄

(3)

is the ratio of species concentrations on the permeate side and

is the ratio of species concentrations on the feed side of the membrane.

However, it is worth noting that the separation term encompasses two
separation processes; evaporation and intrinsic membrane separation. This
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notion can be represented by the following equation, provided that the
selectivity of the membrane is smaller than the pressure ratio.
(4)
The separation achieved by the vapor-liquid equilibrium (VLE) can be
determined thermodynamically by feed composition and temperature, while the
membrane selectivity can be defined as the ratio of species permeability
coefficients. The permeability coefficient of a component, i, can be calculated as
follows:
(5)

(6)

The volume of the permeate is represented by V and has the units of cm 3(STP), L
is the thickness of the membrane (cm), A is the cross-section of the membrane
(cm2), T is time (s) and the partial pressures are measured in cmHg. The
permeability coefficient (

) is commonly expressed in Barrer, which is

equivalent to 1 x 10-10 cm3(STP) cm/cm2 s cmHg.
The reported data in this work were mainly normalized to the driving force,
which accurately represents the intrinsic properties of the membrane and
eliminates the effect of partial pressure gradient on the flux (i.e. permeability
coefficient,
(

). The separation will also be reported in selectivity terms

), rather than the separation factor (

) to eliminate the effect of the

driving force as well. Nonetheless, fluxes and separation factors are reported
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separately to show the effect of driving force and operating conditions on
transport properties.

2.2.2 Pervaporation Membranes for Xylenes Separation
Research on development of high performance membrane materials, with high
flux and separation factor for xylene isomers separation has been carried out
since the 0910’s. Overall, the membranes researched for the application can be
classified into three main types: (i) inorganic membranes, (ii) polymer
membranes and (iii) mixed-matrix membranes.
While, inorganic membranes can offer exceptionally high selectivity, their cost of
preparation and scale-up severely limit their commercial potential. Polymer
membranes offer high permeation rates but at the cost of much lower selectivity.
Their additional advantages include cheaper preparation cost and easy
scalability. Mixed-matrix membranes, i.e. blends of polymers with inorganic
porous materials, were introduced with the promise to offer the best
combination of properties. However, until now the presence of defects as well as
compatibility and swelling issues resulted in lower selectivity.
A number of polymer membranes were researched including, polyvinyl alcohol
(PVA), polyurethane, polyimides, cellulose acetate and others. Reported
permeation rates varied significantly, but more importantly, the selectivity was
only less than 2. Researchers also investigated including additives to polymers,
such as cyclodextrin (CD) with a cavity, 0.79 nm × 0.79 nm to improve the
selectivity [29]. Although the reported p/o-xylene selectivity is 2.96, the
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experiment was conducted at 25 ᵒC and its thermal stability is questionable.
Cross-linked 6FDA-copolyimides were also suggested to increase selectivity. For
p/o-xylene mixtures, separation factors were between 1.15 and 1.47. Finally,
Torlon®, a commercial polymer, showed a little higher selectivity; 2 for p/mxylene mixtures and 3 for p/o-xylene mixtures. However, its permeability was
extremely low; 0.25 Barrer at 200ᵒC. The table below shows the results of
various membranes.

The objective of this study was to develop a polymer membrane material that is
robust, thermally and chemically stable, resistant to swelling and offers high
permeability and selectivity to p-xylene.
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Table 2: Literature review on pervaporation separation of xylene isomers (50:50
wt % mixtures) using polymeric membranes.

Mixture

T
(ᵒC)

Thickness
(μm)

Separation
Factor

Flux
(kg/m2/h)

Reference

Poly(vinylidene fluoride)

p/m

98

N/A

1.14

0.01

[30]

Nylon

p/m

120

25

1.22

0.01

]10[

Cellulose acetate, lOOCA-43

p/m

98

25

1.45

0.02

]10[

Saran Wrap

p/m

49

20

1.21

0.31

]10[

Poly(vinyl fluoride)

p/m

81

N/A

1.16

0.01

]10[

p/m

25

N/A

2.96c

0.095

[31]

N/A

2

0.5 b

[32]

1.33

0.02

]10[

Membrane

Cross-Linked PVA/bcyclodextrin(33%) on PAN
Torlon 4000T

p/m

200

Poly(vinyl fluoride)

p/o

72

Nylon

p/o

128

25

1.42

0.01

]10[

Cellulose acetate, lOOCA-43

p/o

81

25

1.56

0.01

]10[

Saran

p/o

49

20

1.26

0.08

]10[

6FDA-6FpDA/4MPD/DABA

p/o

65

N/A

1.22

23 a

[33]

p/o

65

N/A

1.47

1.5 a

[33]

p/o

65

N/A

1.45

2.3 a

[33]

p/o

25

55

1.37

0.3

[34]

Polyurethane-zeolite

p/o

25

55

1.8

0.31

[34]

Cellulose tripropionate

p/o

25

N/A

0.85

0.264

[35]

Cellulose acetate butyrate

p/o

25

N/A

0.79

0.13

[35]

Polyacrylic acid/γ-cyclodextrins

p/o

25

30

1.16

0.077 a

[36]

Polyethylene

p/o

31

30

1.37

2.25 a

[30]

1.3

1.7 a

[30]
[37]

6FDA-6FpDA/4MPD CrossLinked with HMDA
6FDA–6FpDA/4MPD/DABA
Cross-Linked with EG
Polyurethane

Polypropylene

p/o

26

20

DNB-cellulose acetate

p/o

25

40

1.7

0.032 a

HTPB-DVB-PU

p/o

30

200

1.37

9.13 a

[38]

Torlon 4000T

p/o

200

N/A

3

0.5 b

[32]

a: normalized flux (kgμm/m2/h)
b: normalized flux (cc(STP)cm/cm2/s)
c: feed composition (10:90 for p/m-xylenes)
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Chapter 3: EXPERIMENTAL METHODS
3.1 Experimental Set-up
3.1.1 Pervaporation Apparatus
A pervaporation experiment set-up was built to determine the performance of all
membranes tested. The set-up is depicted in Figure 9 and is comprised of the
following main components:
1. Permeation cell
2. Magnetic stirrer and heater
3. Cold trap
4. Liquid nitrogen dewar
5. Vacuum pump
6. Valves, tubes and fitting

Figure 9: Side-view schematic of the pervaporation system – valves A and D
are one-way valves and valves B and C are three-way valves.
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Figure 00: Top-view schematic of the pervaporation systems showing parallel
cold traps and three parallel systems connected to one vacuum pump.

The permeation cell (Sterlitech HP4750) is made for high pressure applications
(up to 1000 psi). It offers high chemical resistance as it is made from 316
stainless steel. The magnetic stirrer hot plate is IKA RH digital with a
temperature range up to 360 °C. The Pyrex glass cold trap was manufactured in
KAUST workshop facilities. Its dimensions are 1.5"in diameter and 9.8" in height
with a capacity of 70ml and 16mm connections at the top and side. The liquid
nitrogen Dewar, supplied by Pope®. The vacuum pump (Edwards® RV3) can
supply a vacuum pressure of 2.0 x 10-3 mbar. The tubes used are all standard
1/4" stainless steel tubes, except the ones used on the cold trap connections, as
they are Swagelok® 321 non-braided stainless steel 1/4" flexible tube (321-X-4).
The valves are 1/4" one-way and three-way Swagelok® valves and the fittings
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are also 1/4" standard Swagelok® fittings, except the ones used to connect cold
traps, as 5/8" Swagelok® Ultra-torr vacuum fittings are used. The Ultra-torr
vacuum fittings were found to be the ideal connection between glass tubes and
stainless steel tubes for vacuum applications. The membrane was secured on top
of a porous sintered metal by inner and outer PTFE encapsulated Viton® o-rings,
supplied by Sterlitech.
The permeation cell's downstream 1/8" tube was replaced with a stainless steel
1/4" tube in order to subject the permeate to identical flow conditions
downstream the membrane. The 1/4" tube was connected to the cell via a
stainless steel PTFE-sealed Quick-Connect, supplied by Swagelok®. In addition,
the capped fitting placed at the top cover of the permeation cell was modified by
drilling a 3.1 mm diameter hole that is used to insert the thermometer tube
inside the cell. The thermometer was then fitted using a PTFE ferrule set. Thus,
the heating bath was excluded from the set-up as the permeation cell can be
heated directly and the temperature of the feed can be measured accurately as a
result of the modification.
The two cold traps, placed in one Dewar, are connected to two three-way valves;
upstream and downstream the Dewar. Having two cold traps connected in
parallel to the same permeation cell through three-way valves allows for
sampling the permeate without interrupting the experiment. Conventionally, the
flow of the permeate is stopped by closing the downstream valve to collect the
sample, which subjects the transport through membrane to unsteady-state
conditions. Starting the experiment afterwards may result in misleading results,
as the transport through the membrane is in transient state conditions at the
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outset of the experiment. As such, using three-way valves and parallel cold-traps
keeps the transport through the membrane under steady state while sampling.
Finally, three identical pervaporation systems were built and set-up in parallel
and connected to one vacuum pump. Thus, this set-up allows three identical
membranes to be tested for the three isomers, separately and simultaneously. A
pressure gauge is connected downstream the permeation cell to ensure vacuum
is maintained. Figure 10 illustrates the overall design of the three pervaporation
systems.

3.1.2 Pervaporation Procedure
This section briefly describes the procedure to investigate membrane transport
properties using the pervaporation system in Figures 9 and 10.

3.1.2.1 Start-up Procedure
Initially, the cold traps were connected in parallel to the three-way valves. While,
the permeation cell was disconnected, all valves were kept open and the vacuum
pump was started to evacuate the system and establish vacuum downstream the
permeation cell. The evacuation step was usually kept overnight. Afterwards, all
valves were closed to maintain the system under vacuum and the cold traps
were disconnected. Clean cold traps were capped with rubber stoppers and
weighed empty before they were connected to the system. Valves were opened
and vacuum was reestablished. Once vacuum was ensured, the Dewar was filled
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with liquid nitrogen. The system downstream the permeation cell was, thus,
under vacuum and ready.
Before each use, the permeation cell was washed with water and alcohol and
placed in oven at 145 °C overnight. The inner and outer PTFE-encapsulated
Viton® o-rings were placed in their designated grooves. The 2" circular
membrane is placed on top of the inner o-ring and covered by the 2" porous
sintered metal plate. The downstream face of the cell was then placed and
secured by mechanical couplings and screwed tight. The liquid feed was then
poured inside the cell and the PTFE magnetic stirrer was placed. The top cover
was then secured by mechanical couplings. Finally, the IKA thermometer was
inserted inside the cell and immersed in the feed solution through the modified
fittings. The cell was placed on top of the magnetic stirring hot plate until the
desired temperature of the solution was achieved and maintained. Finally, the
cell was connected to the downstream system via the quick-connect and the
timer is started.

3.1.2.2 Sampling Procedure

Sampling was started once the second cold traps were evacuated. Valve B was
closed and valve C was turned to the second cold trap, until it was evacuated. It is
crucial to close valve B first to prevent backpressure, which could damage the
membrane. The timer was stopped once valve B was closed. Valve B was turned
to the second cold trap, commencing the second experiment and the timer was
restarted. The first cold trap was then disconnected and removed via the ultra-
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torr vacuum fittings. The cold trap was left to depressurize for a few minutes
before it was capped with a rubber stopper. The moist frost accumulated at the
outer surface of the cold trap was wiped or left to condensate and evaporate. The
outer surface of the cold trap was cleaned and dried before it was weighed. The
difference between the two weighs, at the start and at the end of the experiment,
represents the weight of permeate.

3.1.2.3 Shut-down Procedure

The shut-down procedure starts by closing valve B to isolate the cold traps from
any disruption. Afterwards the permeation cell was disconnected via the quickconnect fitting and the cold trap was removed, following the sampling procedure.
The magnetic stirrer hot plate was turned off to allow the permeation cell to
reach room temperature before the feed solution was disposed and the
membrane was recovered. The permeation cell was then cleaned with water and
alcohol and heated in an oven overnight in preparation for the next experiment.
After the cold trap was removed and weighed, another cold trap was connected
and all valves were opened and aligned to evacuate the system and establish
vacuum overnight.
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3.2 Characterization Methods
In addition to the pervaporation experiment, a number of characterization
methods were used in this study. These methods include:
1. Thermogravimetric analysis (TGA)
2. Surface area and porosity Analyzer
3. Gravimetric vapor sorption
4. Density measurement
5. Gas chromatography (GC)

3.2.1 Thermogravimetric Analysis (TGA)

TGA is a thermal analysis used to monitor changes in the material as a function of
temperature and time. It is used to determine the decomposition temperature
and the mass loss during decomposition [39]. In addition, it is used to measure
the content of volatiles, such as moisture and solvents. The TGA instrument used
in this work was model Q5000 supplied by TA instruments. Unless otherwise
specified, nitrogen was used as purge gas and is the procedure was as follows:
1. Heat up sample to 100 ᵒC
2. Equilibrate at 100 ᵒC
3. Isothermal heating for 30 minutes
4. Ramp the temperature at a rate of 5 ᵒC/min
5. Stop at 800 ᵒC
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3.2.2 Surface Area and Porosity Analyzer
The surface area was determined by first pretreating the sample with heat and
vacuum. The material was cooled under vacuum to cryogenic temperatures and
Then nitrogen was dosed to the sample incrementally. Once the pressure was
equilibrated at each increment, the weight of the sample was measured and the
amount of nitrogen adsorbed was determined. Furthermore, increasing the
dosing further at higher pressures, allowed the gas to condensate in the smaller
pores first. As a result an adsorption isotherm was obtained and external surface
area and porosity were calculated [40]. The analyzer used was Micromeritics
ASAP® 2420 Accelerated Surface Area and Porosimetry System. The models used
to determine pore size distributions were: (i) Horvath-Kawazoe (HK) technique
(cylindrical pore) and (ii) non-local density functional theory (NLDFT-Tarazona
cylindrical pore). Nitrogen was used at liquid nitrogen temperature as adsorbate,
using the following procedure:
1. Degasing Conditions:
a. Evacuation at 90ᵒC for 60 minutes.
b. Heating at 120 ᵒC overnight.
2. Analysis Conditions:
a. Relative pressure range from 0.01 to 0.995, with number of points
> 40.
b. Low pressure incremental check mode dosing at 3 cm3/g STP.
c. Saturation pressure was measured for each isotherm point.
d. Equilibration time: 30 seconds
e. Sample was backfilled with nitrogen only at the end of experiment
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3.2.3 Gravimetric Vapor Sorption
This technique measures how much solvent vapor can be adsorbed by the
sample at various relative pressures. The relative pressure of the organic solvent
is incremented and the weight of the sample is measured accordingly. The
additional weight gained represents the amount of solvent adsorbed by the
sample. The sorption instrument was VTI-SA+ supplied by TA instruments. The
procedure used was as follows:
1. Drying Conditions:
a. Set point temperature: 120ᵒC
b. Heating rate: 5ᵒC/min
c. Equilibration criterion: 0.0100 wt% in 10 minutes
d. Maximum drying time: 360 minutes
2. Adsorption/Desorption Conditions:
a. Temperature: 25ᵒC
b. Equilibrium criterion: 0.0100 wt% in 20 minutes
c. Maximum equilibration time: 120 minutes
d. Adsorption relative pressure range: 0.01 to 0.9 in 15 points
e. Desorption relative pressure range: 0.9 to 0.05 in 10 points

3.2.4 Density Measurement
An analytical balance with a density kit was used to determine the density of
samples using Arhimedes’ principle that states that every solid body immersed
in a fluid apparently loses weight by an amount equal to that of the fluid it
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displaces. The weight of the sample was measured in two fluids with known
densities; air and iso-octane. The density of the polymer can then be calculated
using the following equation:
(7)
The analytical balance used was XPE204 supplied by Mettler Toledo.

3.2.5 Gas Chromatography (GC)

Gas chromatography is a common analytical technique to determine the
composition of a gas or liquid mixture. The mixture, carried by an inert gas such
as helium, interacts with a column coated with a stationary phase causing the
different components in the mixture to elute at different times. The times at
which the compounds are detected are used to identify the components in the
mixture. The GC used was Varian® 450-GC and the following procedure was
used:
1. Column: CP-xylenes fused silica PLOT (50m x 0.32mm)
2. Column Pneumatics:
a. Front: Pressure = 17.5 psi, Flow: 50.0 ml/min
b. Middle: Flow = 4.0 ml/min
c. Rear: Pressure = 16.5 psi, Flow: 50.0 ml/min
3. Carrier gas: He, 16.5 psi
4. Injector: Temperature = 220ᵒC, Split ratio = 60
5. Detector: Flame Ionization Detector (FID), Temperature = 220ᵒC
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6. Oven Temperature Profile:
a. Hold at 40ᵒC for 1 minute
b. Ramp at a rate of 2.0ᵒC/min to 100ᵒC
c. Hold at 100ᵒC for 1.33 minute
d. Ramp at a rate of 30.0ᵒC/min to 180ᵒC
7. Sample Size: 0.2 µl

Chapter 4: RESULTS AND ANALYSIS
4.1 Membranes for Xylene Isomers Separation
This section summarizes the work done to separate xylenes isomers using
different types of polymeric membranes. Each sub-section is dedicated to a
specific polymer, where its preparation, characterization and transport
properties are described. The polymers studied were PIM-6FDA-OH, thermally
rearranged PIM-6FDA-OH and thermally cross-linked PIM-1.

4.1.1 PIM-6FDA-OH

PIM-6FDA-OH is a novel material that combines the properties of a polymer of
intrinsic microporosity (PIM) and a functional polyimide (PI). The polyimide
contains two polar hydroxyl groups that are used to improve separation of
carbon dioxide from methane for gas separation. The polymer was synthesized
in the KAUST AMPM polymer lab. Its chemical structure and physical properties
are listed in Figure 11 and Table 3.
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Figure 00: Chemical structure of PIM-PI (PIM-6FDA-OH).

Table 3: Properties of PIM-PI (PIM-6FDA-OH) [41].
Density (g/cm3)

1.22

Tg ( C)

N/A

FFV (%)

23.0

Possible Solvents

THF

4.1.1.1 Membrane Fabrication
The polymer was dissolved in tetrahydrofuran (THF) in a concentration of 1-2
wt% and then stirred overnight. The polymer solution was filtered using a
Celltreat syringe filter (PTFE 0.45 µm) and then poured in a Petri dish. After
evaporation for 48 hours, DI water was used that allowed easy film detachment
from the casting dish. The film was heated in an oven at 250ᵒC under high
vacuum for 24 hours. As a result, a dense, solvent-free membrane was formed.
Finally, a 2-inch membrane coupon was punched using Mayhew Pro 66002
Hollow Punch Set.
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4.1.1.2 Membrane Characterization
A TGA experiment was conducted on the material to confirm whether any
solvent remained in the membrane. TGA results confirmed a solvent-free
membrane and a decomposition temperature of 380ᵒC (Figure 12).

0.4
100.000

Weight (%)

60.000

0.2

40.000
0.1
20.000
0.000

0.0
0

200

400

600

800

Temperature (oC)
Figure 02: Thermogravimetric analysis (TGA) of PIM-6FDA-OH.
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A gravimetric sorption experiment was also conducted on PIM-6FDA-OH to
examine of the adsorption capacity of each xylene isomer (Figure 13). The
sorption isotherms initially follow a Langmuir behavior. However, the adsorbed
amounts increased drastically, which is an indication of strong interaction
between xylenes and the polymer. The sorption isotherms can be classified as
Type II. Furthermore, it is worth noting that the polymer sorbs xylenes in the
following order: m-xylene > p-xylene > o-xylene, which is an indication for a
small solubility selectivity of m-xylene over the other two isomers.
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Finally, an analytical balance was used to determine the density of the polymer.
The result showed that the density ranges between 1.23-1.28 g/cm3, which is
consistent with values reported in literature [41].
Physisorption isotherms and pore-size distribution analyses were conducted on
the PIM-6FDA-OH in powder form using N2 at 77 K. The BET surface area was
297 m2/g and a high gas uptake was observed compared to low-free-volume
glassy polymers (Figure 14). The pore size distribution shows small pores
heavily concentrated in the ultra-microporous region (<8 Å, shaded) (Figure 15).
The NLDFT pore size distribution model shows that amount pores of sizes in the
range of xylene isomers are relatively similar, suggesting poor molecular sieving
properties and consequently, low selectivity (Figure 16). Surface area and
median pore size are reported in Table 4.

Quantity Absorbed (cm3/g STP)

200
180
160
140
120
100
80
60
40
20
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Relative Pressure (p/po)
Figure 01: Nitrogen adsorption isotherm for PIM-6FDA-OH at 77 K.
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Figure 05: NLDFT-analyzed pore size distribution of PIM-6FDA-OH using
Tarazona cylindrical pore geometry showing ultra-microporous regions.
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Figure 06: NLDFT-analyzed pore size distribution for PIM-6FDA-OH using
Tarazona cylindrical pore geometry (highlighting xylene isomers sizes).
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Table 4: Surface area and porosity of PIM-6FDA-OH.
Properties

PIM-6FDA-OH
Powder

BET Surface Area (m2/g)

297

DFT Surface Area (m2/g)

293

HK-Median Pore Width (nm)

0.75

4.1.1.3 Membrane Transport Properties
The polymer membrane was tested in the pervaporation set-up described above
using a 50:50 wt% p/m-xylene mixture at 25ᵒC. The experiment was carried out
continuously for almost 70 hours with a total of 5 measurements taken. The
permeability continuously increased from 52,000 to 87,000 Barrer due to
excessive swelling of the polymer (Figure 18). The separation factor of the
polyimide membrane was poor and dropped from 1.2 to 1.1 during the course of
the experiment.
However, part of the selectivity is attributed to the evaporation selectivity
(

). To determine the intrinsic selectivity of the polymer, the evaporation

selectivity should be excluded. Vapor liquid equilibrium calculations for a 50:50
wt% p/m-xylene mixture at 25ᵒC show a VLE of 1.051. Therefore, the intrinsic
selectivity of the membrane actually dropped from 1.14 to 1.05. The transport
properties of PIM-6FDA-OH are shown in Figure 17.

53

2.0
1.8

80

1.6

70

1.4

60

1.2

50

1.0

40

0.8

30

0.6
Permeability
Selectivity
Separation Factor

20
10
0



Permeability (1000 Barrer)

90

0.4
0.2
0.0

0

10

20

30

40

50

60

70

Time (h)
Figure 07: p/m-xylene (50:50 wt%) permeability, separation factor and
selectivity over time. Measurements were carried out at 25ᵒC on PIM-6FDA-OH.

Figure 01: Swollen PIM-6FDA-OH after p/m-xylene mixture permeation.
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4.1.2 PIM-6FDA-OH (TR 400)
Thermally rearranged polymers (TR) were prepared using a polyimide
precursor with spirobisindane-containing hydroxyl functional groups. Thermal
treatment of the precursor rearranges the polymer to yield a polybenzoxazole
(Figure 19) [42]. The thermal treatment is typically carried out at temperatures
between 400-450ᵒC. This range of temperature is relatively lower than the
temperature range used to obtain carbon molecular sieves (CMS). Contrary to
CMS, TR polymers are known to have better mechanical properties, as they are
not as brittle. They also tend to offer better separation properties compared to
the pristine polymers; especially they exhibit higher permeability [43].

Figure 09: Chemical structure of thermally rearranged PIM-6FDA-OH.
(400ᵒC).
4.1.2.1 Membrane Fabrication
The pristine polymer film was prepared as described above. The thermal
treatment protocol was conducted under oxygen deprived environment (<1
ppm). In a tubular furnace, supplied by Carbolite, the following procedure was
used:
1. Heating rate 5ᵒC/min.
2. Isothermal heating at 100ᵒC for 1 hour
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3. Heating rate 5ᵒC/min
4. Isothermal heating at 400ᵒC for 30 minutes
5. Cooling to room temperature
Several 5/1” circular coupons were made from the membrane and each was
sandwiched between two sealing aluminum tapes. The contact area between the
polymer and the aluminum tape was sealed with an epoxy to avoid any leaks.
The epoxy was left to cure for 24 hours prior to testing.

4.1.2.2 Membrane Characterization
A TGA experiment was carried out as described above and the results showed
that the polyimide had a decomposition temperature of 430ᵒC (Figure 20)
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Figure 20: Thermogravimetric analysis (TGA) of PIM-6FDA-OH (TR400).
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Physisorption isotherms and pore-size distribution analyses were conducted on
the PIM-6FDA-OH (TR400) in powder form using N2 at 77 K. The BET surface
area was 386 m2/g and a higher gas uptake was observed compared the pristine
polymer (Figure 21). The pore size distribution shows small pores heavily
concentrated in the ultra-microporous region (<8 Å, shaded) (Figure 22). The
NLDFT pore size distribution model shows that pores of smaller size than pxylene are present in great quantity, while the number of larger pores is smaller
(Figure 23). The results suggest higher permeability and selectivity than the
pristine polymer surface area and median pore size are reported in Table 5.
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Figure 20: Nitrogen adsorption isotherm for PIM-6FDA-OH (TR400) at 77 K.
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Figure 22: NLDFT-analyzed pore size distribution of PIM-6FDA-OH (TR400)
using Tarazona cylindrical pore geometry showing ultra-microporous regions.
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Figure 21: NLDFT-analyzed pore size distribution for PIM-6FDA-OH (TR400)
using Tarazona cylindrical pore geometry (highlighting xylene isomers sizes).
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Table 5: Surface area and porosity of PIM-6FDA-OH (TR400).
Properties

PIM-6FDA-OH
(TR 400) Powder

BET Surface Area (m2/g)

386

DFT Surface Area (m2/g)

355

HK-Median Pore Width (nm)

0.66

4.1.2.3 Membrane Transport Properties
The TR membrane was tested under the same conditions of its pristine polymer.
Although the polymer exhibited less swelling, evident by its shape after the
experiment (Figure 25), the permeability continued to increase from 67,900 to
105,000 Barrer, exceeding the permeability of its precursor. The further increase
in permeability can be attributed to both swelling and formation of micropores
induced by the thermal treatment. As the permeability of the TR polymer
continued to increase, the low separation factor showed a concurrent decline
from 1.24 to 1.04.
It is worth noting that the membrane exhibited a very slight reverse selectivity.
Excluding the evaporation selectivity (

), the intrinsic selectivity of the

membrane actually dropped from 1.18 to 0.99 (Figure 24). Although the overall
selectivity of the pervaporation process is positive for p-xylene, the membrane
was more selective to m-xylene towards the end of the experiment. This behavior
is also attributed to swelling and the possible formation of additional
micropores.
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Figure 21: p/m-xylene (50:50 wt%) permeability, separation factor and
selectivity over time. Measurements were carried out at 25ᵒC on PIM-6FDAOH (TR400).

Figure 25: Less swelling of PIM-6FDA-OH (TR400) compared to its precursor.
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4.1.3 Polymer of Intrinsic Microporosity (PIM-1) (Thermally
Cross-Linked)
Polymers of intrinsic microporsity (PIMs) are new class of polymers that has
been recently investigated for gas separation. PIMs contain rigid, contorted spiro
centers and dioxane rings, which induce open chain packing in these ladder
polymers. PIM-1 is the first polymer reported in this class. It exhibits very high
permeability for condensable gases, which can be related to its high BET surface
area of 850 m2/g and high fractional free volume of 26% [44-47]. PIM-1 was
synthesized in the KAUST AMPM polymer lab. Its chemical structure and
properties are listed in Figure 26 and Table 6.

Figure 26: Chemical structure of PIM-1.

Table 6: Properties of PIM-1.
Density (g/cm3)

1.09

Tg ( C)

>350

FFV (%)

26.0

Possible Solvents

Chloroform, THF
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Several approaches were recently proposed to post-modify PIM-1, including
chemical cross-linking [48], UV treatment [49], and thermal cross-linking [50].
The purpose of the cross-linking included: (i) resistance to swelling, (ii) better
chemical resistance and (iii) higher selectivity. A thermal cross-linking
procedure was used in this study to improve the chemical resistance of PIM-1 to
xylenes and also to boost the isomer selectivity.

4.1.3.1 Membrane Fabrication
The polymer was dissolved in chloroform in a concentration of 1-2 wt% and then
stirred overnight. The polymer solution was filtered using a Celltreat syringe
filter (PTFE 0.45 µm) The film was formed as described above with the exception
that the air-dried film was first soaked in methanol for 24 hours before it was
heated in an oven at 120ᵒC under high vacuum for 24 hours.
Following the thermal cross-linking procedure reported in literature [50], PIM-1
was heated in a tubular furnace under high vacuum using the following
procedure:
1. Heating rate 5ᵒC/min.
2. Isothermal heating at 100ᵒC for 1 hour
3. Heating rate 5ᵒC/min
4. Isothermal heating at 300ᵒC for 24 hours
5. Cooling to room temperature
As a result of the thermal treatment, the membrane color changed from
florescent green to dark brown as shown in Figure 27.

62

Figure 27: Membrane coupon of cross-linked PIM-1.

4.1.3.2 Membrane Transport Properties
The polymer membrane was tested in the pervaporation set-up described above
using a 50:50 wt% p/m-xylene feed at 25ᵒC. The experiment was carried out
continuously for almost 37 hours with 4 measurements taken. The permeability
continuously increased from 110,000 to 434,000 Barrer due to excessive
swelling of the polymer (Figure 29). Consequently, the low initial separation
factor dropped from 1.08 to 1.03. However, the membrane exhibited a slight
reverse selectivity; permeating m-xylene preferentially. The intrinsic membrane
selectivity dropped from 1.02 to 0.98. The membrane was highly swollen after
the pervaporation experiment and exposure to xylenes for 40 hours (Figure 28),
which is probably the reason why the heated-treated PIM-1 showed very poor
performance with essentially no selectivity.
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Figure 21: p/m-xylene (50:50 wt%) permeability, separation factor and
selectivity over time. Measurements were carried out at 25ᵒC on PIM-1
(300ᵒC, 1 day).

Figure 29: Swollen thermally cross-linked PIM-1 after xylenes pervaporation.
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4.1.4 2,2-Bistrifluoromethyl-4,5-difluoro-1,3dioxole/tetrafluoroethylene (PDD-PTFE) (Teflon AF 2400)
The sections above examined the performance of polymers of intrinsic
microporosity and polyimides for separation of xylene isomers. It is apparent
that one of the main issues of these polymers is their poor chemical resistance
and the resulting tendency to significantly swell in xylenes. Membrane swelling
severely reduces the molecular sieving capabilities of polymers, which leads to
very poor xylene isomer selectivity. Performance degradation of membranes that
are not resistant to xylenes is inevitable.

There are only very few polymers that are resistant to xylenes, such as perfluoropolymers. Teflon AF is a commercial perfluoropolymer synthesized by
copolymerization

of

perfluoro-2,2-dimethyldioxole

(PDD)

with

tetrafluoroethylene (TFE). Although, PTFE is a semi-crystalline polymer, the
addition of PDD (>20 mol%) makes the co-polymer amorphous. Teflon AF 2400
is an amorphous and glassy co-polymer produced by Du Pont containing 87
mol% PDD and 13 mol% TFE [51].

Teflon AF 2400 has been proposed as a membrane material for the separation of
various gases; both condensable and non-condensable. Teflon AF 2400 has high
gas permeability and offers reasonable size sieving properties [52, 53]. Its
chemical structure and properties are listed in Figure 30 and Table 7.
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Figure 30: Chemical structure of Teflon AF 2400.

Table 7: Properties of Teflon AF 2400 [51, 52].
Density (g/cm3)

1.74

Tg ( C)

240

FFV (%)

32.7

Possible Solvents

Perfluoro solvents

4.1.4.1 Membrane Fabrication
The polymer, in powder form, was dissolved in perfluorooctane, supplied by
Sigma-Aldrich, to form a 1 wt% solution. The solution was kept under stirring for
24 hours to ensure complete dissolution. The viscous polymer solution was
filtered using a Celltreat syringe filter (PTFE 0.45 µm) and then poured in a flat
Petri dish. The solvent was evaporated at room temperature for 24 hours to form
a dense film. Thereafter, the film was heated in an oven at 020 C under vacuum
for 24 hours. All Teflon AF membranes used in the pervaporation experiments
were cast from the same solution and undergone the same treatment to ensure
consistent and reproducible results.

66

4.1.4.2 Membrane Characterization

A TGA experiment was conducted on Teflon AF 2400 with the procedure
described above used and the results showed a decomposition temperature of
430ᵒC (Figure 31).
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Figure 10: Thermogravimetric analysis (TGA) of Teflon AF 2400.

Physisorption isotherms and pore-size distribution analyses were conducted on
the polymer in powder and film forms using N2 at 77 K. The BET surface areas
are 349 and 330 m2/g for powder and film, respectively. The polymer showed a
high gas uptake, but only about half of those of the PIMs material (Figure 32).
The pore size distribution is bimodal with small volumes of large pores and large
volumes of small pores. The large pores promote high permeability, whereas the
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small ones improve selectivity. Furthermore, the small pores are heavily
concentrated in the ultra-microporous region (<8 Å, shaded) (Figure 33). The
NLDFT pore size distribution model shows that pores of the same size as pxylene are most numerous, while other pore sizes matching the sizes of the other
xylene isomers are present to a comparatively lesser extent (Figure 34). Surface

Quantity Absorbed (cm3/g STP)

rea and median pore size are reported in Table 8.
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Figure 12: Nitrogen adsorption isotherm for Teflon AF 2400 powder and film at
77 K.
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Figure 11: NLDFT-analyzed pore size distribution of Teflon AF 2400 using
Tarazona cylindrical-pore geometry showing ultra-microporous regions.
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Figure 11: NLDFT-analyzed pore size distribution for Teflon AF 2400 using
Tarazona cylindrical pore geometry (highlighting xylene isomers sizes).
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Table 8: Surface area and porosity of Teflon AF 2400.
Properties

Powder

Film

BET Surface Area (m2/g)

349

330

DFT Surface Area (m2/g)

343

326

HK-Median Pore Width (nm)

0.74

0.74

A gravimetric sorption experiment was also conducted on the polymer at 25ᵒC to
examine the sorption capacity of each xylene isomers in the polymer. The
sorption isotherm follows a dual-mode behavior that can be described by the
following equation:

where C is the total concentration of the gas in the glassy polymer, measured in
cm3 STP (gas)/cm3 (polymer); kD is Henry’s law’s coefficient, measured in (cm3
STP/ cm3 bar) which indicates how much of the penetrant is dissolved in the
polymer at equilibrium; b (bar-1) is used to measure the penetrant affinity to the
matrix;

(cm3 STP/cm3) is commonly used to quantify the non-equilibrium

excess free volume in the polymer. Furthermore, it is worth noting that the
amount of xylene isomers dissolved is directly proportional to the isomer size,
which is an indication for a fractional solubility selectivity for p/m-xylenes and
even more fractional solubility selectivity for p/o-xylenes. The sorption
isotherms are presented in Figure 35. The dual-mode sorption parameters were
obtained using a non-linear regression curve fitting model and presented in
Table 9.
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Figure 15: Sorption isotherms of xylene isomers in Teflon AF 2400.
Table 9: Dual-mode sorption parameters of Teflon AF 2400 at 25ᵒC.
Xylene

kD

b

Isomer

(cm3 STP/cm3bar)

(cm3 STP/cm3)

(bar-1)

p-xylene

413

6.76

1706

m-xylene

550

6.66

1740

o-xylene

685

5.92

1632

Finally, the density of the membrane was determined using an analytical balance.
The density of Teflon samples ranged between 1.73-1.74 g/cm3, which is
consistent with values reported in the literature[52].
4.1.4.3 Membrane Transport Properties
The Teflon AF membrane was tested in the pervaporation set-up described
above. Three identical membranes were tested for each xylene isomer at 25ᵒC.
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Furthermore, 50:50 mixtures of p/m-xylene and p/o-xylene were also tested at
25ᵒC and 75ᵒC.
Pure xylenes were tested continuously for 47 hours with a total of 4
measurements taken. The permeability of each xylene isomer dropped steadily
overtime until pseudo-equilibrium permeability was reached. As xylene isomer
size increases, the permeability drop rate increased leading to a higher ideal
selectivity at pseudo-equilibrium. The permeability of xylene isomers was
38,000, 30,600, and 6,600 Barrer for p-xylene, m-xylene, and o-xylene,
respectively (Figure 36). As a result, the ideal selectivities were 1.25 and 5.80 for
p/m-xylene and p/o-xylene, respectively (Figure 37).

60

Permeability (1000 Barrer)

55
50
45
40

PX

35
MX

30
25
20
15
10

OX

5
0
0

10

20

30

40

50

Time (h)
Figure 16: Pure xylene isomers permeability for Teflon AF 2400.
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Figure 17: Pure xylene isomers ideal selectivity for Teflon AF 2400.

Although the ideal selectivity for p/m-xylene was within the range of the low
values reported in the literature, p/o-xylene selectivity was found to be much
higher. Therefore, the membrane was tested for the separation of a 50:50 wt%
p/m-xylene and p/o-xylene mixture at 25ᵒC for 85 hours with a total of 4
measurements taken. The permeability behavior was similar to pure xylenes
measurements, as it decreased over time until pseudo-equilibrium was reached
and the separation factor increased concurrently.
The total permeability of p/m-xylene mixture dropped from 84,000 to 20,000
Barrer, while the separation factor increased from 0.99 to 1.41. Factoring out the
VLE selectivity (

), the intrinsic selectivity of the membrane increased from
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0.94 to 1.34 (Figure 38). On the other hand, the total permeability of p/o-xylene
mixture dropped from 24,000 to 9,000 Barrer, whereas the separation factor
increased from 0.99 to 1.90. After eliminating the VLE selectivity (

), the

intrinsic selectivity of the membrane increased from 0.78 to 1.50 (Figure 39).
The permeability behavior of Teflon AF 2400 is opposite to that of PIM materials,
which are plagued with swelling issues. Teflon AF 2400 is chemically inert and
does not swell in xylenes. The drop in permeability over time can possibly be
attributed to free volume and pore plugging effect. The xylenes tend to plug the
free space in the membrane until the maximum amount of plugged space is
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Figure 11: p/m-xylene (50:50 wt%) permeability, separation factor and
selectivity over time. Measurements were carried out at 25ᵒC on Teflon AF 2400.
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Figure 19: p/o-xylene (50:50 wt%) permeability, separation factor and selectivity
over time. Measurements were carried out at 25ᵒC on Teflon AF 2400.

Pervaporation experiments of pure xylenes as well as xylene mixtures at 25ᵒC for
a few days it was demonstrated that Teflon AF 2400 is highly resistant to
xylenes. In order to investigate the thermal stability of the membrane in xylenes,
the same experiments were conducted at higher temperatures. The Teflon AF
membrane was tested for the separation of a 50:50 wt% p/m-xylene and p/oxylene mixture at 75ᵒC for 85 hours with a total of 3 measurements taken.
Permeability, selectivity, flux and separation factor was averaged for both
temperatures (25 and 75ᵒC) to show the effect of the driving force on transport
properties.
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As the temperature of the feed increased from 25ᵒC to 75ᵒC, the vapor pressure
(driving force) is approximately 10 times higher. Consequently, for p/m-xylene
and p/o-xylene mixtures, the permeability significantly decreased with the
increase in temperature, while the flux significantly increased. On the other
hand, separation factor and selectivity for both mixtures show only a minor drop
with an increase in temperature. The transport properties of Teflon AF 2400
with respect to temperature are shown in Table 10.
Table 10: Transport properties of Teflon AF 2400 at 25ᵒC and 75ᵒC.
Properties

T (ᵒC)

p/m-xylene

p/o-xylene

Vapor Pressure (cm Hg)

25

0.88

0.81

Permeability (Barrer)

25

19,000

9,000

Flux (kg/m2h)

25

0.11

0.08

Separation Factor (β)

25

1.36

1.90

Selectivity (α)

25

1.30

1.50

Vapor Pressure (cm Hg)

75

9.48

8.79

Permeability (Barrer)

75

7778

2951

Flux (kg/m2h)

75

0.43

0.26

Separation Factor (β)

75

1.24

1.71

Selectivity (α)

75

1.20

1.4

In summary, polymers of intrinsic microporosity (PIMs and PIM-PIs) were tested
for xylene isomers separation via pervaporation. Their poor resistance to
organic solvents led to excessive swelling in xylenes. As a result, the permeability
drastically increased while the selectivity steadily decreased, showing very slight
reverse selectivity behavior in some instances. On the other hand, high-free
volume Teflon AF 2400 showed excellent chemical and thermal stability. This
was evident by the high and stable permeability and maintained selectivity. The
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separation factor for Teflon AF 2400 is among the highest reported for polymeric
membranes and the permeability is also higher than most other polymeric
membranes.

4.2 Xylenes Isomerization
4.2.1 Xylene Isomerization Thermodynamics
For any chemical reaction, the thermodynamics dictates the possibility of its
occurrence and the amount of products and unconverted reactants. Under
certain conditions, pressure and temperature, some reactions are 100%
completed, that is, all the reactants are converted into products. Others are in
equilibrium, so that only some part of the reactants is converted.
Thermodynamics dictates the equilibrium. Thermodynamics does not predict the
time required to reach equilibrium or the full completion of a reaction. In this
section, extensive thermodynamics is applied on xylenes isomerization reactions.
The thermodynamic analysis will show the effect of temperature, pressure,
reaction phase, and impurities on the final product distribution.
Thermodynamic equilibrium requires that the Gibbs free energy change for each
reaction (∆Grxn) be zero

∑

. Therefore, in principle, the product

equilibrium distribution can be found by minimization of the reactions Gibbs
free energies. To determine the reaction Gibbs free energies, the standard Gibbs
free energy of formation (

) is required for all species involved in the

reactions. This can be calculated through experimental values of heat of
formation and entropy of formation, using the equation below:
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(8)
There are various sources of

values reported for xylenes in the literature,

including Chirico et al., 1997, Stull et al., 1987, Chao et al., 1984, and Taylor et al.,
1946. Variations in the values were clearly noticed, and adopting any of the
reported values in the thermodynamic calculations could inherit the possible
errors in these values leading to a possibly inaccurate product distribution.
Therefore, it was decided to obtain

and

simulation software (ASPEN PLUS) and calculate the
sheet. The

values from a process
in a Microsoft Excel

values were calculated using equation (8) for all concerned

species (p/m/o-xylene) at temperatures ranging from 25-800ᵒC. Finally, the
product distribution was calculated and compared later with the performance of
a reactive membrane.
This section describes the thermodynamic equilibrium and product distribution
for different cases by: (i) change various parameters, (ii) comparison with
previously reported results, and (iii) optimization for maximum p-xylene
production. The cases are listed below in more details:


Equilibrium constant and product distribution through a range of
temperatures



Liquid versus gas phase equilibrium and product distribution through a
range of temperatures



Ideal and non-ideal gas considerations in determining product
distributions
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Optimization of p-xylene production

4.2.1.1 Equilibrium Constants and Product Distribution

Thermodynamic equilibrium constants and product distribution for xylenes
isomerization were calculated at the standard pressure (Po = 1 atm) and a
temperature range of 25-800ᵒC. Using the calculated

for each species,

can be calculated for each reaction, which can be used to calculate the
equilibrium constants at various temperatures. The equations used are listed
below:
(9)

(

Where

)

(

)

(

)

(10)

(11)

(12)

is the partial pressure of p-xylene,

is the equlibirum

constant of the reaction (p-xylene ↔ m-xylene) and

is the standard

molar Gibbs free energy of the reaction. It should be noted that ideal behavior is
assumed here, where the partial pressure of a species is equal to its mole fraction
(y). Combining the above equations and holding the material balance
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represented by equation (6), one can determine the equilibrium constant and
product distribution at a specific temperature using an optimization tool.
(13)

The calculated equilibrium constants for the isomerization reactions at various
temperatures were calculated. The product distribution is shown in Figure 40:
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Figure 10: Equilibrium product distribution of xylenes (gas phase) at various
temperatures.

The optimization algorithm encompassing the above five equations was run 12
times to calculate the product distributions at temperatures between 25-800ᵒC
at a 50ᵒC increment. As a result, the Figure 40 shows that m-xylene product mole
fraction is inversely proportional to temperature, while o-xylene is directly
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proportional. On the other hand, p-xylene has an optimum value between 125225ᵒC.
4.2.1.2 Liquid versus Gas Phase
In order to calculate the equilibrium constants and product distribution for the
reactions in liquid phase, the Gibbs free energies of formation need to be
recalculated for all xylene isomers in the liquid phase over the concerned range
of temperatures. Based on ASPEN PLUS tabulated data of enthalpy and entropy
of formation of xylenes,

and

were calculated as follows:

(14)

(15)

Equations 10-13 remain the same, but with different

values. Performing

the optimization calculations again results in the product distribution illustrated
in Figure 41:
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Figure 10: Equilibrium product distribution of xylenes (liquid phase) at various
temperatures.
Figure 41 shows that m-xylene product mole fraction is inversely proportional to
temperature, while o-xylene is directly proportional. Furthermore, gas phase mxylene is always higher than liquid phase, by around 1.5% at lower temperatures
and around 0.5% at higher temperatures. On the other hand, o-xylene is always
lower in the gas phase compared to liquid phase. The difference diminishes as
the temperature increases, starting from 15% difference at 250ᵒC and ending
with 0.3% difference at 800ᵒC. However, compared to the gas phase equilibrium,
p-xylene has an optimum value between 325-525ᵒC. Thus, higher p-xylene
production can be achieved at lower temperatures in the gas phase. This is
clearly illustrated in Figure 42.
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Figure 12: p-xylene equilibrium product distribution in liquid and gas phases.

4.2.1.3 Ideal versus Non-Ideal Conditions
Previously, ideal behavior of the gases was assumed. In order to account for nonideality, the fugacity coefficient must be introduced in the calculations, which
will affect equations 10-12 as follows:

(

)(

)

(

)(

)

(

)(

)

(

)

(16)

(

)

(

)

(17)

(18)
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As described earlier, an optimization algorithm was run to obtain the product
distribution at various temperatures. Figure 43, below, shows the product
distribution for real gases.
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Figure 11: Equilibrium product distribution of xylenes (real gas) at various
temperatures.
Compared to Figure 43 (ideal gas) there is virtually no difference. Therefore,
ideal gas assumptions are valid. The behavior of gases becomes more ideal, in
general, as the pressure decreases and temperature increases. The calculations
were conducted at low pressure (standard pressure po = 1 atm) and at various
temperatures. The product distribution at 25ᵒC is almost matching product
distribution with ideal gas assumptions. Thus, increasing the temperature while
maintaining the pressure makes the gas behavior even closer to ideal (i.e. ideal
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gas assumptions are correct). Figure 44 shows p-xylene mole fraction for ideal
and real gases calculations.
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Figure 11: p-xylene equilibrium product distribution for ideal and real gas
assumptions.

4.2.1.4 P-xylene Yield Optimization
Because p-xylene is the most desirable product, it is valuable to determine the
operating conditions that will result in the highest p-xylene production.
Thermodynamically, one can determine the temperature at which p-xylene mole
fraction is highest. Generalized reduction gradient non-linear algorithm was
used to determine the optimum temperature, with an objective function to
maximize p-xylene mole fraction at equilibrium. The optimization algorithm

85

required 7 boundary conditions to be solved. The results show that the
maximum p-xylene (yp-xylene = 0.218) can be obtained at 177ᵒC.

4.2.2 Reactive Membrane for Xylenes Isomerization
The application of membranes in reactions could potentially be very attractive as
the membrane separation is coupled with a catalytic reaction. Therefore, higher
performance and compactness are potential advantages. There are various types
of catalytic membrane reactors (CMRs), including extractor-CMR, distributorCMR and contactor-CMR. The extractor-CMR is the most adopted type for xylene
isomerization [54]. MFI Zeolite membranes are commonly used in combination
with a catalyst in an extractor-CMR to increase p-xylene yield, as illustrated in
Figure 45.

Membrane

Catalytic Reactor

Figure 15: Schematic of an extractor-CMR for xylene isomerization.

Several researchers have shown better performance of MFI zeolite membrane
compared to a conventional fixed bed reactor [55]. Furthermore, a simulation of
industrial scale CMR based on a ZSM-5 membrane showed an increase of 12% in
p-xylene yield compared to conventional fixed bed reactors [56]. Prior to this
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work, polymeric membranes have never been evaluated for xylenes
isomerization.
4.2.2.1 Tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic
acid (Nafion-H)
Nafion-H is a copolymer of a tetrafluoroethylene and perfluorinated sulfonated
vinyl ether, which was developed by Du Pont in 1966 [57]. Nafion-H is commonly
used as an ion-exchange membrane for fuel cells, sensors and other
electrochemical applications. Perfluorinated materials have C-F bonds which
give them their chemical and thermal stability. Furthermore, the sulfonic acid
group combined with a perfluorinated backbone makes Nafion-H very acidic
[58]. Its chemical structure and properties are listed in Figure 49 and Table 11.

Figure 46: Chemical structure of Nafion.
Table 11: Properties of Nafion-H [59].
Density (g/cm3)

1.9

Tg ( C)

150

FFV (%)

NA

Possible Solvents

Mixture of aliphatic
alcohol + water
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4.2.2.2 Why Nafion-H?
Xylene isomerization is industrially implemented in a fixed bed reactor using a
zeolite catalyst which has high acidity and shape selectivity. Nafion-H is known
to be a superacid membrane, which promises a high potential for catalyzing
xylene isomerization. In addition, thermal and chemical stability of the polymer
gives it the ability to maintain the membrane’s integrity, unlike other previously
tested polymers (i.e. PIMs and PIM-PIs).

4.2.2.3 Membrane Fabrication
The membrane was provided by Ion Power, Inc. The membrane was sandwiched
between a backing film and a coversheet. This method is used to protect the
membrane from exposure to the environment during handling.

4.2.2.4 Membrane Characterization

A TGA experiment was conducted on Nafion-H and the results show a
decomposition temperature of 280ᵒC (Figure 47).
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Figure 17: Thermogravimetric analysis (TGA) of Nafion-H.

3

Quantity sorbed (cm STP/cm )

2.00

3

Weight (%)

80.000

Deriv. Weight (%)

4

1.50

mx
ox
px

1.00
0.50
0.00
-0.50
-1.00
0.0

0.2

0.4

0.6

0.8

1.0

Relative Pressure (p/po)
Figure 11: Sorption isotherms of xylene isomers in Nafion-H.
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A gravimetric sorption experiment was also conducted on Nafion-H to examine
its adsorption capacity (Figure 48). The sorption isotherm initially follows a
Langmuir behavior. However, as relative pressure increases the amount
adsorbed is dropping down to negative values. It is suggested that as xylene
molecules are adsorbed, they displace water molecules and occupy their space.
Because xylene is less dense compared to water, the overall weight of the
polymer starts decreasing as water molecules are replaced with xylenes.
Furthermore, it is worth noting that the polymer sorbs m-xylene and o-xylene
preferentially compared to p-xylene, which is an indication for a solubility
selectivity of less than 1 for p/m-xylenes and even less solubility selectivity for
p/o-xylenes.

The density of Nafion-H was determined using an analytical balance. A value of
1.9 g/cm3 was obtained, which is consistent with values reported in the
literature [59].

4.2.2.5 Membrane Transport and Catalytic Properties
On the industrial scale, xylene isomerization is coupled with a p-xylene
extraction process, where the raffinate (p-xylene deprived stream) is fed to the
isomerization reactor to produce p-xylene. The mixture of xylenes from the
isomerization reactor is then recycled back to the p-xylene extraction process to
extract the additional p-xylene produced by isomerization, constituting a closed
loop system (Figure 3).
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A reactive membrane used for xylene isomerization should not be subjected to
p/m-xylene and p/o-xylene mixtures as previously used for xylene isomers
separation. Instead, the feed appropriate for this application is a mixture of m/oxylene.
A Nafion-H membrane was tested in the pervaporation set-up described above.
The membrane was tested for the separation of a 50:50 wt% m/o-xylene mixture
at 75ᵒC. The experiment was carried out continuously for more than 80 hours
with a total of 4 measurements taken.
The permeability was steadily increasing from 152 to 420 Barrer reaching
equilibrium due to swelling of the polymer. However, despite this swelling
behavior, the catalytic activity of the membrane maintained functional, leading to
an increase in permeability and a consistent permeate composition. The
permeate was analyzed using a GC to determine the percentage of each xylene
isomer. The average composition of the permeate was 19.5% p-xylene, 44.5 %
m-xylene, and 36.0% o-xylene. The time dependence of permeability and
permeate composition is illustrated in Figure 49.
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Figure 19: Transport and catalytic properties of Nafion-H for 50:50 m/o-xylene
isomerization at 75ᵒC via pervaporation.

Knowing that the isomerization reaction is limited by thermodynamic
equilibrium, the product composition achieved downstream the Nafion-H
membrane was compared with the thermodynamic equilibrium product
distribution in liquid phase. The achieved composition is almost the
thermodynamic equilibrium for p-xylene at 75ᵒC, while m-xylene is less than that
of the equilibrium value. On the other hand, o-xylene yield is higher than the
equilibrium value (Table 12.)
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Table 12: Nafion-H permeate composition from a 50:50 m/o-xylene mixture at
75°C compared with thermodynamic equilibrium composition.
Xylene Isomer

Thermodynamic

Nafion-H (%)

Equilibrium (%)

p-xylene

20.4

19.5

m-xylene

58.6

44.6

o-xylene

21.0

35.9

Furthermore, Nafion-H was tested with three different feeds of pure xylenes in
order to compare its catalytic performance with a conventional fixed bed reactor
and MFI zeolite extractor-CMR. Each experiment was carried out under the same
conditions using the pervaporation set-up and a feed temperature of 75°C. The
permeability behavior of the pure xylene isomers in Nafion-H is similar to Teflon
AF; the permeability is inversely proportional to the isomer size. However,
swelling behavior is apparent in Nafion-H, as the permeability increases
gradually over time. The swelling induced by m-xylene and o-xylene is minimal,
while the swelling caused by p-xylene is relatively more significant and similar to
the swelling induced by the xylenes mixture. Catalyzed reaction properties,
conversion (XA), selectivity (SP) and yield (YP) were determined by the equations
below:

(19)

(20)
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(21)

(22)

Pure p-xylene is catalyzed and permeated through Nafion-H at 75°C via the
pervaporation set-up for more than 100 hours and a total of 4 measurements
were taken. The permeability increased from 230 to 458 Barrer due to swelling
of the membrane, while the conversion was maintained at an average 26.3%.
Selectivity of m-xylene and o-xylene were found to be 75.8% and 24.2%,
respectively (Figure 50).
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Figure 50: Transport and catalytic properties of Nafion-H for pure p-xylene
isomerization at 75ᵒC via pervaporation.
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Pure m-xylene was catalyzed and permeated through Nafion-H at 75°C via the
pervaporation set-up for more than 90 hours and a total of 4 measurements
taken. The permeability increased from 206 to 237 Barrer due to swelling of the
membrane, while the conversion is maintained at 19.2%. Selectivity of p-xylene
and o-xylene were found to be 68.6% and 31.4%, respectively (Figure 51).
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Figure 50: Transport and catalytic properties of Nafion-H for pure m-xylene
isomerization at 75ᵒC via pervaporation.
Pure o-xylene was catalyzed and permeated through Nafion-H at 75°C via the
pervaporation set-up for more than 90 hours and a total of 4 measurements
were taken. The permeability increased from 130 to 224 Barrer due to swelling
of the membrane, while the conversion is maintained at 33.7%. Selectivity of pxylene and m-xylene were found to be 52.9% and 47.1%, respectively (Figure
52.).
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Figure 52: Transport and catalytic properties of Nafion-H for pure o-xylene
isomerization at 75ᵒC via pervaporation.
The Nafion-H membrane showed high catalytic activity for xylene isomerization.
The results show p-xylene yields very close to the thermodynamic limit when a
typical industrial feed of 50:50 m/o-xylene is used as a feed. The superiority of
Nafion-H as a catalyst via pervaporation is clearly shown in Table 13.
Table 13: Comparison between Nafion-H via pervaporation and H-ZSM-5
membrane via extractor-CMR and fixed bed reactor.
Membrane
Material
Catalytic
H-ZSM-5
(T=400ᵒC)
Nafion-H
(T=75ᵒC)

Xylene
Isomer

p-xylene yield (%)

p-xylene selectivity (%)

Membrane

FBR

Membrane

FBR

m-xylene

6.9

5.87

66.7

55.6

o-xylene

7.3

6.98

30.1

30.1

m-xylene

13.2

N/A

68.6

N/A

o-xylene

17.8

N/A

52.9

N/A

Ref.
]55[
This
work
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CONCLUSIONS
P-xylene is one of the highly influential commodities in the petrochemical
industry. It is commonly used in fibers and polyethylene terephthalate (PET) for
plastic bottles, fibers and packaging. The world’s production capacity was 11.7
million mt/year in 2009. It is forecasted to increase by 27% in demand and 22%
in supply over the next five years.

Currently, p-xylene is extracted using

molecular sieve adsorption or cryogenic crystallization. Because of the high
energy intensity of these processes, research has been dedicated to the use of
compact and low energy membrane technology to perform the separation.
Three membrane pervaporation set-ups were built and connected in parallel to
separate xylene isomers using various membrane materials: Polymers of
intrinsic microporosity (PIMs) as well as polyimides (PIM-PI), including
thermally cross-linked PIM-1, PIM-6FDA-OH and thermally-rearranged PIM6FDA-OH. The polymers showed initially low selectivity, but the excessive
swelling behavior of the membrane resulted in a drastic increase in permeability
and further decrease in selectivity, making the membrane performance
inefficient for p/m-xylene and p/o-xylene.
Consequently, to mitigate swelling, a chemically and thermally stable perfluoropolymer was tested (Teflon AF 2400). It has a BET surface area of 349 m2/g and
a bimodal pore size distribution with a peak between 6.5-8 Å. Pervaporation
through the membrane at 25 ᵒC resulted in permeability and separation factor of
19,000 Barrer and 1.36 and 9,000 Barrer and 1.9 for p/m-xylene and p/o-xylene,
respectively. These values are among the highest reported for polymeric
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membranes. Increasing the temperature to 75ᵒC resulted in a significant increase
in flux and a minor reduction in separation factor.
Membrane research on xylene isomerization is dominated by zeolite membrane.
This work represents the first attempt to test a polymeric catalytic membrane.
Because the isomerization reaction is promoted by an acidic catalyst, a superacid
Nafion-H was used as a candidate material. Nafion-H was tested at 75ᵒC for a
50:50 m/o-xylene mixture and resulted in p-xylene yield of 19.5%
(thermodynamic equilibrium 20.4%). It is worth noting that the high p-xylene
yield was achieved at a temperature significantly lower than used in industry
(450ᵒC). As a result a significant reduction of energy can be achieved while
maintaining the desired product. Furthermore, Nafion-H membrane proved to be
superior to catalytic zeolite membrane H-ZSM-5, which achieves lower p-xylene
yields at 400ᵒC.
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FUTURE DIRECTIONS
The current research effort on polymeric membranes for xylenes separation was
demonstrated to be inadequate. Polyamides/polyimides, and polymers of
intrinsic microporosity are dominating the gas separation field. However, they
perform poorly for xylenes isomerization due to their high tendency to swell.
Perfluoro-polymers proved to be resistant to xylenes. Therefore, perfluoro-PIMs
and polyimides could be a promising class of polymers for the application by
combining the molecular sieving properties of novel PIMs with the chemical and
thermal stability of perfluoro-polymers. Furthermore, introducing inorganic and
metal organic framework fillers could improve the selectivity of these perfluoropolymers.
Research and industrial application showed that it is impossible to achieve
complete conversion during xylene isomerization using a conventional fixed bed
reactor, as the reaction is limited by thermodynamic equilibrium. However,
combining catalytic activity and separation by membranes could result in
exceeding the equilibrium yield. In principle, this can be achieved by coating a
selective membrane with an acidic layer (e.g. Nafion-H). Future research should
be directed to combining these properties to surpass the current limits of
conventional catalytic fixed bed reactors.
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