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Abstract:

The separation of the xylene isomers was investigated by pervaporation using several commercially
available polymeric films as membranes. The films were tested with two mixtures of xylene isomers
over a range of temperature to determine whether or not the degree of separation was affected. In order
to compare results a separation factor was calculated which is analogous to the relative volatility used
in distillation. Since para xylene is the most volatile isomer, it was chosen as the basis when calculating
the separation factor.

Hhen testing the ortho-xylene, para-xylene mixture a polyimide film gave the highest degree of
separation with a separation factor of 2.18 at 132°C. A cellophane film had the lowest separation factor
of 0.83 at 132°C indicating that the ortho-xylene was enriched in the product stream. Hhen the
meta-xylene, para-xylene mixture was tested a polyvinyl fluoride film gave the highest separation
factor of 1.22 at 60°C while a polyethylene film had the lowest separation factor of 1.01 at 26°C. For
comparison the relative volatility of the meta-xylene, para-xylene mixture is 1.01. It is 1.08 for the
ortho-xylene, para-xylene mixture.

Several membranes had separation factors that increased when the temperature increased, while other
films had separation factors that decreased when the temperature increased. A possible mechanism is
discussed that may explain this behavior.

Most of the commercially available films tested can be used to enrich the para-xylene isomer in the
permeate. In general the degree of separation obtained by pervaporation of xylene mixtures is higher
for the ortho-xylene, para-xylene mixture than for the meta-xylene, para-xylene mixture.
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ABSTRACT

The separation of the xylene isomers was investigated
by pervaporation wusing several commercially available
polymeric films as membranes. The films were tested with
two mixtures of xylene isomers over a range of temperature
to determine whether or not the degree of separation was

affected. In order to compare results a separation factor
was calculated which is analogous to the relative
volatility used in distillation. Since para xylene is the

most volatile isomer, 1t was chosen as the basis when
calculating the separation factor.

When testing the ortho-xylene, para-xylene mixture a-
polyimide f£ilm gave the highest degree of separation with a
separation factor of 2.18 at 132 °C. A cellophane film had
the lowest separation factor of 0.83 at 132 °C indicating
that the ortho-xylene was enriched in the product stream.
When the meta-xylene, para-xylene mixture was tested a
polyvinyl fluoride film gave the highest separation factor
of 1.22 at 60 °C while a polyethylene film had the lowest
separation factor of 1.01 at 26 °C. For comparison the
relative volatility of the meta-xylene, para-xylene mixture
is 1.01. It is 1.08 for the ortho-xylene, para-xylene
mixture.

Several membranes had separation factors that increased
when the temperature increased, while other films had
separation factors that decreased when the temperature
increased. A possible mechanism 1is discussed that may
explain this behavior.

Most 'of the commercially avallable films tested can be
used to enrich the para-xylene isomer in the permeate. In
general the degree of separation obtained by pervaporation:
of xylene mixtures 1is higher for the ortho-xylene, para-
xylene mixture than for the meta-xylene, para-xylene
mixture. ,




INTRODUCTION AND PURPOSE

The production of the majority of dimethyl-benzene,
commonly referred to as xylene, comes from the petroleum
refining Industry as a portion of the product of the
catalytic reformer C9l. Mixed xylenes which contain the
meta, ortho and para isomers along with ethyl-benzene have
various compositions depending upon the conditions in the

reformer. The structures for these isomers are:

CH3 CHS3 CHS3 CH2CH3
CH3
Para Meta Ortho Ethyl-Benzene

This fraction of the reformer product boils over a very
limited temperature range with each isomer having a boiling

point within that range (Table 1I).

Table 1. Physical data for xylenes and ethyl-benzene
C-8 Isomer Boilincr Pt. Meltincr Pt.
Para-xylene 138.35 OC 13.26 OC
Meta-xylene 139.1 OC -47.87 OC
Ortho-xylene 1444 OC =85 8 °c
Ethyl-benzene 136.2 OC -94.4 OC

Mixtures of these xylenes are very difficult to

separate by conventional distillation because of the low
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relative volatilities between the isomers (Table 2), A
large value for the relative volatility implies that it is
easier and less costly to separate the components in the
mixture. For an azeotropic mixture, the relative
volatility is unity indicitive of a mixture that cannot be
separated by a simple distillation process. Various
mixtures of isomeric xylenes have relative volatilities
near one indicating " the difficulty encountered when
undertaking xylene separation by distillation.

Individual xylene isomers that are useful as chemical
intermediates require a purity of'at least 99.2%, 98.6% and
95.3% for the para, meta and ortho-xylene respectively.
The minimum number of plates that are required for a
distillation column to achieve this degrée of separation
for various xylene mixtures are presented in Table 2..
Plate efficiencies less than 100% and columns opérating;
without total reflux conditions would increase this number

of plates.




Table 2. Relative volatility and the minimum number of
theoretical plates required to obtain
products of sufficient purity.

Rel. Vol. Min. # of Theoretical|

|
| Mixture o Plates .
; |
|
| P-M xylene 1.01 894 |
I |
| P-0 xylene 1.08 102 |
| . ' |
| P-xylene l
i ethyl-benzene 1.06 150 |
I I
| M-0 xylene 1.105 74 I
l l

Uses for leénes

The mixed xylenes are primarily used to increase the
octane number in gasoline and will become more widely used
in this capacity as the demand for unleaded gas increases
due to federal regulations limiting the use of tetra-ethyl
lead L11. There 1is the possibility that the demand for
mixed xXylenes as octane enhancers may cause the price to
increase to a point where it is no longer competitive to
separate the para-xylene. Para-xylene is the most
important isomer with B0% going towards the production of
dimethyl terephthalate and = terephthalic acid. These
chemical intermediates are necessary for the manufacture of
polyester fibers useful for household fabrics, carpets and

wearing apparel. The remainder 1is wused for polyester
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bottle resing and films. Ortho-xylene 1is in demand as a
raw material for phthalic anhydride production and meta-
xylene is used to produce isophthalic acid. These chemical
intermediates are the basis for pigments, fuﬁgicides and
unsaturated polyester resins. Current production of pafa—‘
xylene is 4.4 billion lbs/year and is expected to increase

in the future.

Separation Processes Currently in Use

Ethyl-benzene is separated from the mixture by two
distillation columns in series’ that have a combined total
of 300.trays which are operated under high reflux ratio.
Ortho and meta-xylene are more' easily separated due to the
4 degrees difference 1in boiling points. However, in
practice it still requires 150 trays and a high reflux
ratio. The meta-xylene, para-xylene separation is not
attempted by conventional distillation. . At the present
time the separétion of para-xylene 1is effected by various
crysfallization processes that take advantage of the large
difference 1in freezing points. Because of various
eutectics that are formed during the crystallization only
60-70% of thg para-xylene is recovered per pass.

Adsorption columns containing Zeolite materials are
becoming more widely used by industry as indicated by the

increasing number of new facilities that have recently been
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constructed. One of the xylene isomers is selectively
adsorbed on a substrate until the column is saturated. At
this point the column is stripped with a iiquid that can
easily Dbe separated from the xylene and recycled.
Adsorption is much more efficient than distillation with a
90-95% recovery per pass. Both of these methods fnr

separating xylene isomers are energy intensive.

The Pervaporation Process

The pervaporation process or liquid permeation is a
process where a liquid mixture is brought inté contact with
a plastic film or membrane and allowed to diffuse through
the membrane. The membrane has 'no pores in it like a
molecular sieve but retains its structural integrity as a
tangle of long polymer chains. On the down stream side of
the membrane the diffusing molecules enter the gas phase
with one of the constituents of the mixture enriched in the
product stréam; This product stream is referred to as the
permeate. The gas phase 1is sustained by maintaining the
downstream pressure below the vapor pressure of the
permeate vapor. Since a phase change occurs in the
pervaporation process, the energy input is at least equal
to the heat of vaporization of the permeating mixture.

The ~ pervaporation process has several potential

advantages over other separation processes. By using
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pervaporation the damaging effects high temperatures have
on heat labile compounds are avoided. Proteins, toxins and
other biologically active chemicals which are sensitive to
heat have the poténtial of being separated and purified by
this technique. Pervaporation also can have the advantage
of excellent selectivity for mixtures that are otherwiée
difficult to separate such as azeotropic mixtures or
mixtures of liquids with only small differences in vapor

pressures like the xylene mixtures discussed above.

The Purpose for the Experimental Investigation

Although the adsorption process 1is Dbecoming more
popular, pervaporization reéults for xylene i1somers
permeating through plastic membranes indicates that an
advantageous separation may be obtained by this process.
Since the present commercial methods for separating these
isomers are very energy iﬁtensive, any method that Eould
significantly reduce the operational cost of this
separation should be investigated. The purpose of this
'investigation was to evaluate various commercially
available polymer films as pervaporation membranes and to
determine the degree of separation of xylene isomers that

could be achieved over a range of temperatures.
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PREVIOUS RELATED RESEARCH

The earliest research on the membrane permeation

process Dbegan when researchers found that some gases
permeaté through a thin sheet of natural rubber. In 1866,
T. G;aham studied permeation through rubber membranes and

concluded that the permeation process was a sequence of, 1)

solution in the membrane, 2) diffusion through the membrane

and 3) evaporation or desorption at the other side of the
membrane [£1131. This has been the accepted mechanism for
gas permeation since that time.

In gas permeation, solubility in the membrane tends to
be low and Henry’'s Law applies. Permeation essentialiy
follows Fick's fir;t law of diffusion:

Q = DS(pz - p1)
L

where D is the diffusion coefficient, S is the solubility
coefficient, L‘is the thickness, Q is the permeation rate
per unit area and pi1 and pz are the pressures on each side

of the membrane.

The Ligquid Permeation Mechanism

For liquid permeation or pervaporation the diffusing
molecules must first dissolve in the membrane, diffuse

through the membrane and at some point evaporate into the
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gas phase. R.C. Binning et.al. CI0O] suggested that within
the membrane 1i1tself there was a liquid-vapor interface
dividing a solution phase and a vapor phase zone as
depicted i1n Figure 1I. The swollen solution phase of the
membrane therefore would have a much different permeability
than the membrane in the unswollen state or vapor phase
zone. This transition from liquid to vapor may not happen
at a well defined 1interface, but rather across the entire
membrane which varies from a swollen to unswollen states.
When the diffusing molecules reach the downstream surface
they escape from the surface by maintaining a pressure

below the vapor pressure of the permeate.

Membrane

Bulk
Liquid Solutione
,Phase . - ® Bulk
) ) ) Vapor
f—Liquid Phase _— )™ _Vaj; or
ee | Fe I . ase
/- ._ - X-

Vapor Phase
Zone

Figure 1. The solution phase and the vapor phase zones
within the membrane.
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Since the permeability would be different for the
vapor phase zone and the solution phase zone, additional
variables are introduced into Fick’s First Law of
diffusion. Obtaining the composition of the permeate at
the soldtion phase zone, vapor phase zone interface is
impossible and another method is wused to describe the
diffusion process. Instead of using separate diffusion rate
constants for each zone Binning gives the permeation rate
in terms of an.,ovérall diffusion rate with the  assumption
that the controlling rate is in the vapor phase zone [1031.
This simpier form of Fick’s Law is:

Q =D (Cz - C1)
L

where @ 1is the permeation rate,Ci1 and Cz are. the
concentrations on each side of the membrane, L is the

membrane thickness and D is an overall diffusion constant.

Membrane selectivity

Binning states that the more permeable molecules are
the ones that can more easily diffuse from site to site
within the membrane £[103. One molecular species‘ will
preferentially permeate through the membrane apd become
enriched in the permeate as shown in Figure 2. At the end
Binning states that the difference 1in permeation rates,

hence selectivity, results from the difference in molecular
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size and shape and in the i1nteraction between the
permeating species and the membrane materials. Previous
research has shown for the para-xylene, meta-xylene mixture
or the para-xylene, ortho-xylene mixture, para-xylene Iis

generally the more permeable molecule [4,5,81.

0 0 0 X X Permeate
X0 X 00X X -—>
X X 0 X 0O 0 X X
OX 0 0 X 0 0 XO
X 0 00 X X0 X X X X
0 X0 XX 0 X O
0 XO X 0 0 X X X
6 X X 00 X 0 X - U
00 X0 XX 00
X 0 0OX X X 0 XX —> 5
OX 0 X X0 0 X 0 X
X0 X 00 X X0
X X 0OX OX 0 X X
0 X X 0 X0 0 X 0 X
Liquid Membrane Vapor
mixture phase

Figure 2. Membrane selectivity

Other researchers [5,83 have 1i1ndicated that the
selectivity of a membrane can be altered by the
introduction of plasticizers and by preconditioning the
membrane. Sikonia [83 demonstrated that the introduction of
clathrates into a poly(vinylidene fluoride) membrane made
the membrane permeable to xylenes and selective for para-

xylene. The poly(vinylidene fluoride) membrane without any



11
clathrate addition was very impermeable - to xflenes. When
these membfanes were placed in an oven at elevated
temperatures (130-145 °C) prior to 'being tested, the
selectivity for p-xylene wvaried remarkably. Michaels [83
modeled the structure of a polyethylene membrane as a
molecular sieve.or screen with amorphous regions (holes5
dispersed between interconnected crystalline elements
(meéh). By annealing and then recrystallizing the membrane
with xylene isomers, the size and distribution of the holes

was altered, changing the permeability and séleétivity of

" . the membrane.

A polymeric membrane can also be thought of as:a
tangle of long molecular chains in constant thermal motion
with diffusing molecules moving from one position or site
to another. A molecule that migrates to a new site must
have a site available and an open pathway to that site
which in turn depends on the thermal motion of the polymer.
For large molecules the size and shape of the diffusing
molecule determines the hole ‘size fequired. If the polymer
membrane contains suitable groups that participate in
hydrogen bonding, those molecules that readily form
hydrogen bonds may diffuse from one bonding site to
anotherf Molecules that cannot form the hydrogen bonds do
not diffuse across the membrane by this method L[71.

M.H.V. Mudler et.al. [43, studying xylene permeation

through cellulose acetate films, gives the molar volumes of
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xylenes in increasing order as ortho-xylene ¢ meta-xylene <
para-xylene (Table 3). Mudler concludes from his
experiments that ortho-xylene is more soluble in cellulose
acetate films. This paradox of higher solubility of ortho-

iylene in the polymer and selectivity favoring para-xylene

had to be explained.

Table 3. Molecular volume and cross sectional areas
for xylene isomers.

! ,,
| Compound Molecular Vol. Cross Sectional |
| ) Area |
| 3 2 ]
| A A I
| |
| - I
| o-Xylene 59.7. 7.65 |
| , {
] m-Xylene - 59.8 7.20 |
| : l
| p-Xylene 59.9 6.92 |
| ' ]
l l

A.S. Michaels L[51 explained that molecules move
through a polymer with their major axis aligned and the
molecule presenting the smallest cross-sectional area
normal to the major axis would diffuse preferentially.
The para-xylene isomer permeating through a polyethylene
film apparently presents a smaller cross-sectional area
normal to the major axis than either ortho-xylene or meta-
xylene and therefore permeates faster in spite of its

larger volume.
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Mudler concluded that permeability is determined by

solubility and diffusivity. In the para-xylene and ortho-
xylene system, the higher diffusivity of bara—xylene more
than accounts for the higher solubility of ortho-xylene in

the cellulose acetate membrane.

The Sevaration Factor

A separation factor is used to measure the selectivity
-of a membrane. The separation factor, o , is defined as
the concentration ratio in the permeate divided by the
concentration ratio in the feed.

o = X1/¥X2
Y1/¥2

Here X1 and X2 are the weight percents of compounds one and
two in the ?ermeate and Y1 and Yz are thé'weight percents
of compound one and two in the feed. For isomers the
weight percent will equal the mole percent and can be used
interchangably. If only two permeating species are present
and the more permeable compound 1is chosen as the basis for
calculation, the separation factor can be rewritten as:,

o = Y(1-X)
X(1-Y)

Here Y is the mole fraction of the component chosen as the
basis in the feed and X 1is the mole fraction of the same

component in the permeate. This separation factor is
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analogous to the relative volatility encountered in

distillation.

Temperature effects

The témperature dependence for this type of activated
diffusion is expected to féllow an Arrhenius typé
expression; '

D = do exp(-E/RT)
where E is the activation energy, D is the diffusivity, R
is the universai gas constant, T is ﬁhe temperature and do
is the diffusional rate constant.

Since a phase transition takes place during the
pervaporation process there must be an input 6f enthalpy
into the process. Rautenbach and Albrecht C61 have
developed a mathematical model for mass transport of
mixtures through a membrane based on the sorption,
diffusion and desorption model and introduce the
corresponding energy Dbalances into their matheﬁatical
model. Their conclusions imply ‘that this wvaporization
results in a temperature drop across the membrane which
lowers the permeate flux, The temperature drop can be
reduced if the mixture to_bé separated were circulated past
the membrane under turbulent conditions thereby inc?eaéing
the heat transfer coefficient between the liquid and the

membfane.
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Hydraulic effects

D.R. Paul [31 proposes that the rate liquids permeate
through highly swollén polymeric membranes only depends on
the concentration gfadient in the membrane. They conducted
a series of hfdraulic permeation tests on'highly swollen
rubber membranes in which the volume fraction of rubber
ranged from 0.14 to 0.32 and preésure varied between 400 -
500 péi. The same membranes were tested wusing the
pervaporation mode. From these experiments they conclude
that there is a ceiling or 1limit to the hydraulic flux
which 1s nearly identical to the flux obtained by.
pervaporation. - Their conclusion states that the value for
the pervaporation flux is the limit" for membrane
productivity which is approached by ‘the reverse osmosis
process operating at extrémely.high pressures.

For slightly swollen systems, Paul L[31 mentions that
the ceiling flux for hydraulic permeation would not be
significant until much higher pressures were reached. The
driving force should be the same regardless of whether
pervaporation or hydraulic pressure 1is uéed‘to establish
the permeation process. Therefore, the flux is a functibn
of the activities at the surfaces of the membrane and is

independent of how these activities are established.
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EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus is depicted .in Figure 3.
It consisted of the following: (1) Per&aporation test cell
and circulating system; (2) Controlled temperature
environment; (3) Vacuum system with cold traps; and (4)
Permeate composition analysis equipment. Each of these

components is discussed in detail below.

Pervaporaﬁion Cell and Circulating System

The pervaporation cell is shown in Figure 4. The cell
consisted of two 8 c¢m. dia. stainless steél flat face
flanges made by modifying a large pipe union, held together
with a large stainless steel nut. Inside one of the
flanges was a space large enough to hold a 6 cm. dia.
scintered metal disc and filter paper disc for membrane
support. This flange was connected to the vacuum system
using Swedgelock fittings and 1/2 inch teflon tubing. The
other flange had straight threads matching the large nut
and had a cylindrical space large enough to allow liquid to
circulate past the membrane. The mémbrane was sandwiched
between the two flanges and. the 1large nut was torqued to
approximately 300 ft-1b. Offset grooves were cut into the
face of each flange for Viton "0" rings which cdmpleted the

seal.




Figure 3.

Cc2

Pervaporation equipment diagram.

P2
/-X

Dewar Flask

R- Reservoir

PI- Constant Volume
Pump

P2- Vacuum Pump

M- Manometer

H-.- lleat Exchanger

CI- Cold Trap

C2- Cold Trap

C- Test Cell

H- Heating Element

TC- Thermal Couple

VAR--Variac Control

tI
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Inlet A Outlet

V- Vacuum Side

S- Scintered Metal Disc
F- Filter Paper

M- Membrane

T- Thermocouple

O- O ring

Figure 4. Pervaporation test cell
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Approximately 500 ml of a xylene mixturé was stored in
a Teflon separatory funnel which acted as the reservoir.
At the base of the funnel was a valve to isolate the
Areservoir frbm the system. A diaphragm type metering pump
circulated the liQuid through a heat exchanger, past the
membrane and back into the separatory funnel at a rate of
15 ml/miﬁ. The heat exchanger consisted of approximately
7.5 meters of 1/8 in. stainless sfeel tubing that connected
~directly to the inlet of the test cell. Care was taken to
orientate the inlet below the outlet to ensure that there
were no gas bubbles in contact with the membrane. Before a
new membrane was tested, air was used to purge the system
to recover the xylene mixture that remained in the tubing,

heat exchanger and test cell.

Controlled Temperature Environment

" A chromatograph oven measuring 20 x 26 x 35 cm. Waé
used to house the test cell and heat exchanger. In the
base of the oven was a fan for air circulation and a
heating element that was controlled by a Variac
transférmer. Two sections of threadéd_rod supported the
test. cell in the center of the oven. The temperature of
the stream eﬁtering the test «cell could be controlled to
within 2 degrees celsius and ranged from room temperature

to 132 °C depending on the setpoint of the variac. One




20
eighth inch teflon tubing for the xylene supply stream, the
thermocouple wire and the 1/2 inch. vacuum line passed

through holes in the wall of the enclosure.

Vacuum Svyvstem & Cold Traps

Two cold finger Pyrex condensers were connected in
series to the vacuum 1line to the test cell using ground
glass fittings and spring clamps. One condenser acted as a
permeate collector while the other served to pfevent back
diffusion from the vacuum pump and mercury manometer. The

condensers were then placed in a 6 in. Dewar flask which

.held approximately 5 1bs. of liquid nitrogen. A two stage

duo-seal vacuum pump running at capacity provided a vacuum
of 200 pum Hg. The vacuum was monitored by a mercury. U-tube

manometer and at times a McCloud gauge.

Permeate Composition Analysis

Relative compositions of the permeates were measured
by using a Variaﬁ Aerograph series 1400 gas chromatograph.
Separation of the isomers was effected by using a column
packed with Bentone 34 modified with diisodecylphthalate as
described by Spencer L[21. Analysis of the  permeate
typically required 45 minutes to one hour and had an

accuracy of +0.5%.
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Experimental Procedure

The membranes studied are presented in Table 4. The
lip of the flange, coated with a layer of vacuum grease
served as the template to cut out a membrane to be tested.
The membrane adhered to the base while the matching face'of
the flange was carefully held to avoid damaging the
.membrane while the large nut was tightened. The test cell
was then placed in the oven and connected to the liquid
feed lines and vacuum system.

Table 4. A l1ist of commercial films tested for the
rermeation of xylene mixtures

Membrane Manufacturer
Polyethylene Type A Dupont
Polypropylene . Dupont
Polyimide Kapton ® ~ Dupont

Polyvinylflouride Tedlar ® Dupont

Nylon Zytel @ Dupont
Cellulose Acetate Dupont
Polyester Mylar Type-S @ Dupont
Cellophane Type PD-150 Dupont

Capran 77e Allied Chem.
Parylene N . Union Carbide

Parylene C ' Union Carbide
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About 500 ml of Xylene mixture containing
approximately 50% para-xylene and 59% ortho-xylene or meta-
xylene was “kept 1in the separatory funnel. When the
operatioﬁ of the metering pump was initiated the
connections and 1lines were checked for 1leaks. A feed
sample was taken for analysis and the Variac transformer
was adjusted for the desired temperature. When the
temperature of the test cell stabilized, liquid nitrogen
was charged to the Dewar flask and the vacuum pump was
started.

Generally the apparatus was left wunattended for a
period of time ranging from 20 minutes .to 24 hrs. On
occasion the Dewar was recharged with‘liquid nitrogen and'a
membrane was tested for as 1long as 45.5 hours. At the
conclusion of a test, the condenser containing the permeate
was removed from the Dewar and slowly brought to room
temperature. The condenser was weighed and if there was a
sufficient amount of liquid it was transferred to a sample
bottle. If there was a insufficient amount or no apparent
permeate present, the condenser was washed with a small
amount of acetone. The acetone-xylene mixture was then put

in a sample bottle or analyzed directly.
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EXPERIMENTAL RESULTS

For a comparison between pervaporatioﬁ and distillation
processes, a separation factor o was calculated for the
membrane that is analogous to relative volatility used in
rectification. The ortho-xylene, para-xylene ﬁikture has a

relative volatility of 1.08 and the meta-xylene, para¥

¥xylene mixture has a relative volatility of 1.01 In both

cases the para-xylene is the more volatile compound and is
used for the basis when calculating the relative
volatility.l Para-xylene was used for the basis when
calculating the separation factor Dbecause para-xylene is
generally enriched in the permeate. If either ortho-xylene
of meta-xylene is enriched in the permeate, then the value

for the separation factor will be less than one.

Test Results for the Ortho-xyvlene, Para—-xvlene mixture.

The separation factors for the ortho-xylene, para-
xylene mixture and various membranes are presented in Table
5 along with the duration of the test run. Graphical
representation of the data is presented in Figure 5. The
lowest temperature at which it was possible to collect
enough permeate to analyze is presented in Table 5. Many
test runs made at the lower temperatures for‘long periods
of time yielded little or no permeate and are omitted from

the table.
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Table 5. Summary of test results for the ortho-xylene
para-xylene mixture. o distillation = 1.08

I
i Temperature Run Time Separation
| Membrane (°C) (hr) Factor
l
Polyethylene 24 8.5 1.28
31 22.5 1.32
‘Polyimide 132 24 2.18
Polyvinyl 52 24.5 1.71
fluoride 72 17.5 1.33
102 8.0 1.02
132 - 15.0 - 1.03
132 3.3 1.08
Zytel 51 15.5 1 1.23
Nylon 128 5.0 1 . 1.42
Polypropylene 26 23.5 1.30
52 6.0 1.16
67 0.8 , 1.25
88 0.25 2 1.16
Cellulose 81 15.5 1.56
Acetate 108 : 8.7 1.52
134 3.5 1.52
Mylar 92 29.8 1 1.04
' Polyester 131 7.5 1 1.23
Cellophane 133 26.0 0.81
Parylene N 39 0.5 1.00
40 0.1 3 1.00
Parylene C 27 20.0 1.02
56 27.5 1.00
106 2.0 1.16
132 2.0 1.56

1 Acetone wash

2 Above this temperature a full vacuum could not be
obtained

3 Vacuum line is filled with permeate. Membrane
degradation is evident.

- s ———
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Of the films tested a polyimide film gave the highest
degree of separation with a separation factor of 2.18 at
132 °cC. Celiophane gave the lowest factor of 0.83 at 132
°C. Cellophane was the only membrane to give a separation
factor léss ~ than ~ 1.00 indicating that ortho-xylene
permeated preferentially over'para—xylene. OnJgge occasigg
the cellulose acetate film, tested at éOI’°C, gav;”;
separation factor of 0.82 Dbut two additibh;?'éttemptsléf
these conditions failed to produce any l&élue ‘for é
separation factor. '

The polyefhylene film was tested at”l;%ltemperatufeg
because any attempt to raise the tempeféturé above
approximately 40 °C resulted 1in fluxes éo‘ﬁiéh that the
vacuum pump could not pull a vacuum less than ~75 mm Hg.
At those elevated temperatures the permeate would condense
in the teflon tube ahead of the cold traps and the cold
traps would fill rapidly. The Parylene N film exhibited
the same type of behavior.

Polyimide, Zytel nylon, Mylar polyester, Capran 77e and
cellophane films were the most impermeable to the xylene
isomers. Test runs made at the highest temperatures (132
°C)'yielded miniscule amounts of permeate that had to be
recovered by using acetone. The Capran 77e film did not
yield enough permeate to Dbe anquzed even though the

acetone wash recovery method was used and the length of the

test run at the maximum temperature exceeded 26 hours.
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Zytel nylon, Mylar polyester and Parylene C films had
separation factors that increased as the ﬁemperature
increased. The polypropylene and polyvinyl fluoride films
had separation factors that tended to decrease as the
temperature increased. The- cellulose acetate film
separation factors tended to remain relatively constant
over the temperature range at which they were'tesfed.

Polyethylene, polypropylene, polyvinyl fluoride and thé
parylene films were more permeable to the xylenes and
allowed several grams of permeate to be collected over the
duratién of a run. These membranes Were‘selected fof
further tésting using the meta-xylene, para—xyléne mixture.
The Parylene films, developed by Union Carbide and later
discontinued, could not Dbe tested with the new mixture
because there was not enough film available for further

tests.

Test Results for the Meta—Xﬁlene, Para-Xvlene mixture.

The permeation results for meta-xylene, para-xylene
mixtures are presented in Table 6 and in Figure 6. The.
polyvinyl fluoride film gave the highest. degree of
separation with a separation factor of '1.22 at 60 °C.
Polyethylene film gave the lowest degree'of separation withi
a separation factor. of 1.01 af 26 ' °C. Para-xylene was’

enriched in the permeate in every case.
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Separation factor vs. temperature for the
m-xylene, p-xylene mixture.
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Table 5. Summary of test results for meta-xylene,
para-xylene mixtures. o distillation = 1.01

| I
| Temperature Run Time Separation |
| Membrane (°C) (hr) Factor |
l |

Polyethylene 26 23.5 1.01

27 21.0 1.08

Polypropylene 29 11.5 1.11

53 4,72 1.06

79 - 1.2 1.04

111 0.2 1 1.03

Polyvinyl 60 26.5 1.22

fluoride 78 20.90 1.11

- 85 16.0 1.06

105 25.5 1.14

133 25.0 1.14

1 Above this temperature full vacuum could not be
obtained

Polyethyleﬁe exhibited the same Dbehavior as that
encountered with the para-xylene, ortho-xylene mixture.
Test temperatures above 40 °C resulted in fluxes that were
so high that the vacuum pump could not obtain a vacﬁum less
than v75 mm Hg.

Both the polypropylene and polyvinyl fluoride films had
separation factors that decreased with an increase in'
temperature. When the polyvinyl fluoride film was tested at
temperatures less than 60 °C; there was not enough permeate

to be analyzed.
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Membranes Tested with Both Mixtures

Polypropylene, polyethylene and polyvinyl fluoride
films were tested with the para-xylene, meta-xylene and thé
p-o0-Xylene mixtures. When the pol&propylene ahd
polyethylene films were tested there was a loﬁer degree of
separation when the para-xylene, meta-xylene mixture waé
used. When the polyvinyl fluoride film was ﬁeéted there
were mixed results. A lower degree of separation w;%
obtained for the para-xylene, meta-xylene mixture ét 1%%
temperatures and a higher degree of sepafation at thé
higher temperatures. These results are depidfed in Figure

7 and Figure 8.

Arrhenius Behavior for Pervaporation

Té demonstrate that the permeation rate follows
Arrhenius Dbehavior, flux data was collected for the
polyvinyl fluoride membrane using the meta-xylene, para-
xylene mixture. Figure 9 demonstrates that the permeation
rate increases with respect to an increase in temperature.
When the logarithm of the flux is plotted versus the
inverse of the temperature (Figure ‘10), the slope of the
line yields the activation energy. For this‘system the

activation energy is approximately 12 kcal/mol.




31

n
N~
-
A - PVF film o-p-xylene mixture
O - PVF film m-p-xylene mixture
B - Polyethylene o -p-xylene
S mixture
i O - Polyethylene m-p-xylene
mixture
n
— <
O 4
o
©
L
o
L
o .
(DH
)]
n
—
-
(@]
o
0. 00
Temp . (C)

Figure 7. Separation factors vs. temperature for film
tested with both mixtures.
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o-p-xylene mixture
0 - m-p-xylene mixture

Separat ion
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Figure 8. Separation factors vs. temperature for a
polypropylene film tested with both mixtures.
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DISCUSSION OF THE EXPERIMENTAL RESULTS

Membrane selectivity at different temperatures varied
?emarkably among the membranes tested. | Certain membranes
had a wide vrange of selectivities over the teﬁperature
range, while other selectivities wvaried hardly at all.“ A
few membraﬁes exhibitgd increasing separation factors with a
raise 1n temperature, while _others had a. decrease ih
selectivity with respect to an increase in temperature.‘ A
possible explanation for the variety of the results is

discussed below.

Increasing Selectivity with Increasing Temperature

Membranes that exhibited this behavior were Mylar
polyester, Zytel nylon and Parylene C films. One possible
explanation for these results would involve the "mesh" and
"hole" mechanism for selectivity. At low temperatures the
membrane would be c;osed or nearly impermeable to any of the
xylene isomers. If permeability is determined by solubility
and diffusivity and ortho-xylene has a higher degree of
solubility, then a low diffusivity of the para-xylene as a
result of the low temperatufe could not offset the higher

solubility of the ortho-xylene. The selectivity of the
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membrane under these conditions would favor neither of the

isomers. As the temperature increased the membrane would

begin to open up as the holes increased in size and number.

Para-xylene, having the smallest cross sectional area of the
xylene isomers, would begin to fill these holes_and beéiﬁ
their way through the membrane before the larger isomers.
Selectivity would increase until the hole size became 1a;ge

enough to accommodate the larger isomers.

Decreasing Selectivity with Increasing Temperature

Membranes that exhibited this behavior were the
polyvinyl flouride and polypropylene films. If these
membranes had the proper hole size to allow para-xylene to
permeate preferentially at low temperatﬁres} any furfher
increase 1in hole size would ‘cause the selectivity to
decrease. As the temperature increased, the hole'size would
increase until the larger of the isomers would begin to
enter the holes large enough to accommodate their size.
Since both permeating species could diffuse through the.
membrane at Thigher temperaturés the selectivity of the

membrane would become less.
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Small Changes in Selectivity with TIncreasing Temperature

If a membrane exhibited increasing selectivity as the
temperature increased and then had decreasing selectivity
as. the temperature increased further, there would a
temperature range over which the seléctivity would change
very little. The cellulose acetate film exhibited this type
cf Dbehavior which would indicate that fhe maximuﬁ
seleétivity for this membrane may have occurréd over the
temperature rahge at which it was tested. It is entirely'
possible that the cellulose acetate fiim gives a relatively‘

constant degree of separation over a wide temperature range.

Comparison of a Membrane Tested with Both Xylene Mixtures

Polypropylene, polyethylene and polyvinyl flouride
films were tested ﬁsing the para-xylene, ortho-xylene
mixture and the para-xylene, meta-xylene mixtures. A lower
degree of separation was. obtained when the para-xylene,
meta-xylene mixture was used for testing the polyethylene
and polypropylene films. The polyvinyl flouride film
exhibited the same behavior at low temperatures, but at
higher -temperaturés higher . separation factors were
.encountered for the para-xylene, meta-xylene mixture than

for the para-xylene, ortho-xylene mixtgre.
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.It 1s possible to explain these resﬁlts based on the
cross sectional areas of the xylene isomers. The
difference in cross sectional area between the para-xylene
and ortho-xylene (0.73 sq A ) 1is greater than that of para-
xylene and meta-xylene(0.28 sq A ). The rejection of one
species by a membrane . having a certain hole size
~distribution would be more difficult when this difference in

cross sectional area were small.
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CONCLUSIONS

1. Most of the commercially available films tested can be

used to enrich the para-xylene isomer in the permeate.

2. In general the -degree of separation obtained by -
pervaporation of xylene mixtures is higher for the ortho-

xylene, para-xylene mixture than for the»meta;xylene, para;
xylene mixture: These separation faﬁtors are higher than

the relative volatilities encountered in distillation.

3. The degree of separation Varies with' respect to
temperature. For some films the separation factor increases
as the temperature increases while in others the degree of

separation decreases as the temperature increases.

4, Liquid permeation or pervaporation flux for the meta-
xylene, para-xylene mixture follows ' an Arrhenius type
relationship with respect to temperature for the polyvinyl

fluoride membrane.
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RECCOMMENDATIONS FOR FURTHER STUDIES

A range of temperature greater than that of room

temperature to the normal boiling point of mixed xylenes
should be investigated. This would enable the researcher
to determine whether or not films exhibit' a maximum
selectivity with regards to temperature.

Many tests failed to produce any data Dbecause of
miniscule amounté of perﬁeate fhat was cdilected.. This was
especially true at the lower temperatures,' therefore ‘a
more sensitive method for collecting a sample of the
permeate should be incorporated into further studies. One
way to do this might be to install a long iength of tubing
ahead of the cold trap which could be beriodically isdlated
from the system. The sample in the tubing could then be
pressufized to atmospheric conditions using an inert gas or'
fluid and injected directly into the chromatograph.

The introduction of time as a variable coﬁld be
included in future studies to determine whether or not the
permeate has an equilibrium composition. Other studies may
want to collect the flux data and correlate seléctivity
with permeability rates.  This would be useful for the
"design of pervaporétion units that intend to separaté the

xylene isomers.
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