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Abstract:

Three commercially available films and a vinylidene fluoride film modified with sulfolene were tested
for the separation of carbon dioxide from carbon dioxide, methane and water vapor mixtures. Flux and
separation factor values were obtained over a temperature range from 23 to 90°C and a feed gas
moisture content from 0.0 to 1.32%. A feed gas containing 60% carbon dioxide and 40% methane on a
dry basis was used at an operating pressure of 2068 kPa.

The commercially available films tested were cellulose acetate, polysulfone and polyethersulfone. All
three films provided good separation. For example, the polysulfone film produced a permeate
containing 96.0% carbon dioxide at room temperature and 0.12% water. Separation factor values for
carbon dioxide ranged from 4.6 to 45.1. Flux values for the commercial films ranged from less than
10.E-05 to 1.9x10E-03 cu cm(STP)/sq cm(sec).

The sulfolene modified film also provided good separation. Separation factor values for carbon dioxide
ranged from 9.6 to 33.6. Flux values ranged from 10.E-05 to 5.7x10E-05 cu cm(STP)/sq cm(sec).

Strong trends towards increasing flux and decreasing percentage of carbon dioxide in the permeate with
increasing temperature were observed with all films.

A trend towards decreasing percentage of carbon dioxide in the permeate with increasing water content
was observed with cellulose acetate, polysulfone and polyethersulfone films. These films demonstrated
a strong trend towards increasing flux with increasing water content at low levels of water content. As
the feed stream approached saturation, gas flux tended to become constant or actually decrease.

The sulfolene modified film tended towards constant or increasing percentage of carbon dioxide in the
permeate with increasing water content. The flux tended to remain constant or decrease with increasing
water content.
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- . ' ABSTRACT

Three commercially available films and a vinylidene fluoride film
modified with sulfolene were tested for the separation of carbon diox-
ide from carbon dioxide, methane and water vapor mixtures. Flux and
separation factor values were obtained over a temperature range from 23
to 90°C and a feed gas moisture content from 0.0 to 1.32%. A feed gas
containing 60% carbon dioxide and 40% methane on a dry basis was used
at an operating pressure of 2068 kPa.

The commercially available films tested were cellulose acetate,
polysulfone and polyethersulfone. All three films provided good separa-
tion. For example, the polysulfone film.produced a permeate containing
96.0% carbon dioxide at room temperature and 0.12% water. Separation
factor values for carbon dioxide ranged from 4.6 to 45.1. Flux values
for the commercial films ranged from less than 10.E-05 to 1.9x10E-03 cu
cm(STP)/sq cm(sec).

The sulfolene modified film also provided good separation. Separa-
tion factor values for carbon dioxide ranged from 9.6 to 33.6. Flux
values ranged from 10.E-05 to 5.7x10E-05 cu cm(STP)/sq cm(sec).

Strong trends towards increasing flux and decreasing percentage of .
carbon dioxide in the permeate with increasing temperature were ob-
served with all films. ]

A trend towards decreasing percentage of carbon dioxide in the
permeate with increasing water content was observed with cellulose
acetate, polysulfone and polyethersulfone films. These films demon-
strated a strong trend towards increasing flux with increasing water
content at low levels of water content. As the feed stream approached
saturation, gas flux tended to become constant or actually decrease.

The sulfolene modified film tended towards constant or increasing
percentage of carbon dioxide in the permeate with increasing water
content. The flux tended to remain constant or decrease with increasing
water content.




INTRODUCTION AND PURPOSE

The separation of a gas mixture by a membrane process involves the
selective transport of a given species through a film. This method -of
sepa}ation has made considerable progress in recent years in areas such
as the development of more selective and permeable membranes, as well
as simple and efficient equipment for large scale operations.

The separation of carbon dioxide and methane is important in a
number of areas, particularly in the manufacturing of Substitute Natu-
ral Gas (SNG). A substantial amount of SNG can be produced from
biomass and gaseous effluent from anaerobic sewage treatéent plants,
landfills, oil fields, coal mines and agricuitural waste digésterstl).
The upgrade of biogas to SNG requires the rgmoval of carfon dioxide,
hydrogen sulfide and water. Biogas from anaerobic digestion v;ries
from 40 to 60% methane and 60 to 40% carbon dioxide, céntaiqs traces
of hydrogen sulfide and is saturated with water vapor(2). In order to
provide pipeline quality gas, the SNG must be approximately 98% meth-
ane, a few parts per million hydrogen sulfide and dried(3). v Many
commercial processes capable of meeting these standards arelavailable.
However, biogas membrane processes are estimated to be in the order of
a third to a half the cost of traditional systems(4-5).

Membrane surface area requirements are of Significan£ economicgl
interest. Studies iﬁdicate that as much as 95% of the total in&estment
costs of a gas permeation process is determined by the area(6-7). To

minimize area requirements it is necessary to know the dependence of
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gas permeation rates over a wide range of variables. This work was

conducted in an attempt to contribute to the ultimate goal of an eco-

nomical membrane separation process for biogas purification. The

specific objectives of this research were:

1.

té‘test various commercially available polymeric films to
determine permeation rate and selectivity for carbon dioxide.
to test a plasticizer in a-vinylidene fluoride film to
determine permeation rates and selectivity for carbon di-
oxide.

to determine the effect of temperature on selectivity for
carbon dioxide in the various membranes.

to determine the effect of temperature on permeation rates in
the various membranes.

to determine the effect of water vapor on the selectivity for
carbon dioxide in the various membranes. .

to determine the effect of water vapor on permeation rates in
the various membranes.

to determine the permeation rates of water vapor in the

various membranes.




REVIEW OF THE LITERATURE

A. BIOGAS PURIFICATION PROCESSES

Carbon dioxide, hydrogen sulfide and water removal technologies
include a large number of commercial processes. In addition to membrane
separation systems, four major groupings can be identified in gas
removal processes(8).

Physical absorption involves the dissolution of the gas in a
liquid solvent.‘ Solvent regeneration usually can be accomplished by
simple fiashing or by stripping with an inert gas. Historically, water
scrubbing was the first method used for carbon dioxide removal.

Chemical absorption involves the formation of a reveréiblé chemi-
cal bond between the solvent and the solute. Regeneration involves
breaking those bonds. Most solvents are either aqueoﬁs solutions of
amines or aqueous solutions of alkaline salts. Potassium carbonate
solutions can be used to chemically absorb carbon dioxide and hydrogeﬁ
sulfide.

Chemical conversién can be utilized to reduce an undesirable gas
concentration. Several commercial processes are available for convert-
ing hydrogen sulfide to elemental sulfur. Carbon dioxide when mixed
with hydrogen can be catalyically converted to methane and water(9).

Gas removal by condensation is achieved by cooling, compression or
a -combination of both. Commercial trials of biogas purification by
condensation have not been successful because of high capital costs and

low thermal efficiency(10).
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B. POLYMERIC MEMBRANES USED FOR GASEQOUS SEPARATION

Several gas permeation processes have been studied in detail.
Differences in éolubilities; mass transfer resigténces or both account
for membrane selectivity: Separation of a gas miﬁturé is achieved by
the flow of one component at a greater rate than the others.

Silicone rubber is used as a membrane for the separation of oxygen
from air(11). A three-stage cascade of hollow fiber permeators results
in a product stream of 38% oxygen. Oxygen could benenriched to 32.6% in
a one stage process(12).

The recovery of helium from natural gas has received much atten-
tion. Union Carbide has.conducted large scale tests using cellulose
acetate films in a two-stage process(13). Some tests have been con~
ducted using a Teflon FEP film(14). Teijin Limited of Japan has an-
nounced a method that employs an undisclosed hollow fiber system to
recover helium(15).

A commercial installation for the separation of hydrogen from a
refinery gas stream has been in operation since 1969(16). The system
uses hollow fibers of dacron polyester and is marketed by the Du Pont
Company.

The removal of rare gas fission products has been studied‘By the
nuclear industry(17). Silicone rubber meﬁbranes i; used in a flat plate

permeator for the tests.
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Polymer membrane processes have been tested for a large number of
laboratory systems. Brubaker and Kammermeyer tested polyethylene, tri-
fluoromonochloro- ethylene and cellulose acetate over a widelvariety of
gas mixtures(18). -Tajar and Miller reported data'for the permeaﬁion of
carbon dioxide, oxygen and nitrogen in a membrane consisting of poly-
ethyleneamine, polyvinylbutyral, epoxy aﬁd water(19).

Modified poly(vinylidene fluoride) membranes have been used in
four studies. Seibel and McCandless used sulfolane modified films to
separate sulfur dioxide from nitrogen(20). Zavaleta studied a number of
modified films for separating sulfur dioxide from nitrégen(Zl). Heyd
studied eight modified films as well as sig commercially available
films for separating hydrogen sulfide from nitrogen(22). Ellig,
Althouse and McCandless tested several films for separating carbon
dioxide from methane(23). Their stuﬂy is discussed in the following
section.

C. LABORATORY MEMBRANE PROCESSES FOR BIOGAS PURIFICATION

General Electric Company has experimented with immobilized liquid
membranes for carbon dioxide removal(24). The liquid membrane is im-
mobilized by a hydrophobic porous support membrane. The liquid membrane
consists of a hydrophilic porous membrane whose pores are filled with
an aqueous carbonate solﬁtion. This membrane utilizes the phenomenon
described as 'facilitated transport" by the addition of ca;bon dioxide

hydrolysis catalysts to the aqueous carbonate solution. Reported‘values




6
of carbon dioxide permeability vary from 0. to 160. (cc/sq cm sec)
(cm/cm Hg) with a membrane thickness of 0.0blScm and a carbon dioxide
feed gas with partial pressﬁre Varying from 5 to 200 cm Hg. Humidity
contfol is critical.

The Monsanto Company has developed coated membranes(25). The pro-
cess involves a multicomponent membrane consisting of a porous film and
a thin(<0.005cm) coating. The film is ei;her cellulose acetate, poly-
carbonate or polysulfone and the coating is either polysiloxanes or
polystyrene. The combinations of films and coatings will separate
carbon monoxide, nitrogen, argon, methane, ethane, carbon dioxide and
sulfur hexafluoride.

Ellig, Althouse, and McCandless tested 16 membranes for the re-
moval of carbon dioxide from a 60 percent carbon dioxide and 46 percent
methane mixturé(26). A moisture-free feed gas was used. Thirteeh com-
mercial membranes were tested. The best separations were obtained with
polyethersulfone, polysulfone and cellulose acetate. Three modified
poly(vinylidene fluoride) membranes were made by dissolving vinylidene
fluoride and a modifier in dimethyl formamide. The films were cast on
élass plates between thicknesses of masking tape. The solvent was—eva-
porated by placing the plates in an electrically heated oven. The mem-
brane modified with sulfolene demonstrated the best separation of the

three. Observed separation factors ranged from less than 0.1 to 40.2_
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with fluxes up to 0.044 cu cm (STP)/sq cm sec . The highest fluxes were
obtained from the films with the lowest separation factors.

D. COMMERCTAL PROCESSES FOR BIOGAS PURIFICATION

The General Electric Company is currently marketing a Permaselec-
tive Membrane Process(27). A 27.8 standard cubic meter per day system
is operating on sewage digester gas in Southern California. A 278.0
standard cubic meter per day system is planned for the Fresh Kills
Landfill located in New York City(28).

The General Electric Permaselective Membrané Process operates by a
pressure differential and allows carbon dioxide to pass through the
membrane surface while methane is retained in the high pressure gas
stream. A second stage is used to recover methane in the carbon dioxide
effulent. The system uses a silicone- polycarbonate membrane with
thicknesses as thin as 200 angstroms. Water is removed from the gas

prior to injection into the membrane system.




THECRETICAL BACKGROUND

A. THE NATURE OF THE TRANSPORT PROCESS

Permeation through a polymeric membrane is thought to involve the
following series of steﬁs(29):
(i) transport from the buik mixture to the membrane surface.
(ii) solution of the gas into the memﬁréne at the interface.
(iii) transport through the membrane(diffusion).
(iv) release of the gas from solution at the opposite interface.
(v) transport from the membrane interface to the permeate stream.
The term permeation is used to describe the overall mass transport of
gas through this sequence.

B. ORDERING ANALYSIS

Each of the five steps represents a resistance to mass transfer of
various magnitude. The resistances of some steps are negligible in
comparison with other steps. In gas-phase permeation, steps (i), (ii),
(iv) and (v) may be negligible(30). A

C. DIFFUSION THROUGH A MEMBRANE

For membrane diffusion the bas%f transport equations are:

aC eC
a D a
Ny = D55~ = 36 37 (1)
m
and
°0C, 3 2Cy J Cq @Cy

— D

St "3z P37z T3z P

Cpo? o (2)
These equations differ from Fick's basic diffusion equatioﬁs by

the addition of the second terms due to the presence of the membrane.
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The effect of the second term may be negligible in instances of large
permeation fluxes.

D. SIMPLIFIED MODEL OF PERMEATION OF ONE COMPOUND

Assuming steady state diffusion through the membrane to be the
rate controlling step and neglecting the second term of the diffusion
equation (presence of the membrane), permeation reduces to Fick's basic
diffusion eqilation.~ .

dac

a
Ny, =D gz 3)

Integration of this equation using the appropriate boundary con-
ditions yields:

-N_ (27 -Z,) = -D(C; -C,) ' | (4)

or

- (5)

a

Assuming equilibrium between the gas and the interface, a Henry's
Law expression, C = (S)(p), is applicable. S is the solubility coeffi-

cient of the gas in the polymer. The resulting equation becomes:

_ Ds (6)
N _.—f(pal - Paz)

The adequacy of Fick's and Henry's Law are questionable in many
polymers(31). However, equation (6) does provide a basis for the study

of permeation.
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E. TEMPERATURE EFFECTS

For unmodified films D and S usually obey an Arrhenius type rela-
tionship:

p = p_e(-E/RT) )
o

g = Soe(—Ah/RT) (8)
E is the activation energy and h is the heat of solution for diffusion.
Both diffusivity and gas solubility increase with increasing tempera-
ture. |
For films moaified with a liquid, the solubility of gasesrin the
modifier usually decreases as temperature is increased. The flux could

actually decrease with increasing temperature.

F. EFFECT OF GAS MIXTURES ON PERMEATION

For the case of a gas mixture in contact with a membrane, equation

(6) becomes:

DS

Ny = T (Pa1 ~ Pa2) (9

or in terms of the total pressure:

_ DS ' (10)
Ny = 5Py 1 = Py¥,p)

The effect of a gas mixture on permeation is dependent on the
polymer and the gaseous components. Mixtures of nitrogen and oxygen
permeate in an additive fashion(32). Each gas permeates independently.

Both the gases have low solubilities in most polymers.
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Nitrogen and carbon dioxide mixtures, and oxygen and carbon diox-
ide mixtures permeate dependently(33). Oxygen has been reported to
permeate at rates up to three times faster iﬁ the presence of large
amounts of carbon dioxide than in pure oxygen.

G. EFFECT OF WATER VAPOR ON GAS PERMEATION

Possible interaction of water vapor with the membrane will in-
fluence the mechanism of permeation. In hydrophilic membranes a solu-‘
tion of water in the polymer will occur(34). This results in a soften-
ing or plaéticizing effect, and may cause swelling. In hydrophobic
membranes water should not interact with the polymer.

Few studies have been conducted on the effect of water vapor upon
gas permeation. Simril and Hershberger reported a 50-fold increase in
carbon dioxide permeability through cellophane as the relative humidity
increased from 0. to 100%(35). Pilar reported a 1000-fold increase for
the same conditions(36). Two methods have feen adopted for the study of
the effects of water on permeation. The first method preconditions the
film with water and the film is then tested. The second method uses a
test gas that is humidified. The results of the two methods vary(37).

In general, the permeability of gases increased as the moisture
content of the film is increased. However, transmission of water vapor
is pressure dependent. The solubility of water in films is reported to

increase in a nonlinear fashion with pressure(38).




12
Some data is available on the commercial films used in this
study(39). Water absorption in 24 hours for cellulose acetate, poly-
sulfone and polyethersulfone is 8.5, 0.3 and 2.1 weight percent re-
spectively.

H. POLYMER CHEMISTRY ASPECTS

Gases are transported through polymeric nonporous membrane by
means of diffusion. The partial pressures of the gases are the driving -
forces and the film thickness, gas solubility and gas diffusivity
control permeation rates.

Plasticizers (or modifiers) in a polymer have several effects. The)
addition of a plasticizer increases the diffusivity of gases in a
polymer. Solubilities of gases or vapors may also incre;se, particu-
larly when the gas or vapor is solubie in the modifier. The overall
effect of plasticizers is generally an increase in the permeate flux.

Zavaleta studied the effect of plasticizer content and concluded
that 18% sulfolene in poly(vinylidene fluoride) yielded the maximum
flux(40). Films with a higher sulfoneicontent were prone to leak.

I. SEPARATION FACTOR DEFINITION

The degree of separation of components A and B is commonly ex-
pressed in terms of a separation factor. It is defined by the concen-

tration ratio:
(c./C) :
X _ = a_bp (11)
a ZCa/Cb)S .

In terms of mole fractions the separation factor is:
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O(;‘ _ Ya/(l“Ya) (12)
a X /il—Xa)
For the case of perfect mixing on the high pressure side, the

overall separation factor is identical to the separation factor at any

point along the membrane length.




EXPERIMENTAL EQUIPMENT, MATERIALS AND PROCEDURES

. A. . EXPERIMENTAL EQUIPMENT AND MATERTALS

A schematic diagram of the experimental equipment is shown in
Figure IV-1. The equipment consisted of a gas suppiy system, water
vapor control equipment, permeation -cell, a constant temperature enclo-
sure for the cell, a permeate stream drier, permeate flow measurement
equipment and gas composition analysis equipment. A description of each
subsystems follows. |

1. ' GAS SUPPLY SYSTEM

The feed gas was stored in a National Cylinder Gas Division of
' Chemetron Corporation gas cylinder. An operating pfessure of 2068 kPa
was set by a Grgve "Mighty Mite" back pressure regulator and w;s meas-
ured by a Matheson Company pressure gauge. A Matheson pressure regula-
tor located on the outlet of the high pressure cylinder was maintained -
at a pressure slightly above the operating pressure. A feed flow rate
(approximately 2 liters/hour) was set using a Whitey micrometering
valve. The gas rate was measured periodically by a Varian Inc. bubble
meter. The gas was vented through an oil seal.

2. WATER VAPOR CONTROL EQUIPMENT

The water vapor control equipment consisted of two columns in
series that were submerged vertically in a Forma Scientific Masterline
model 2095 company water bath(-30 to 72°C range). Feed gas enters a 2.0
cm diameter column that was filled with water and packed with 0.3 cm

Fenske rings. The column was 20.3 cm in length. The wet gas continued
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FIGURE IV-1l. SCHEMATIC DIAGRAM OF PERMEATION EQUIPMENT
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through a 15.2 cm length of 1.2 cm in diameter column that was packed
with glass wool. The glass wool column eliﬁinated water droplets in tﬁe
feed gas. The resulting gas was saturated at the temperature of the
water bath. The bath temperature was varied to produce a feed gas of -
different water vapor concentrations. The gas feed line from the con-
stant temperature bath to the permeation cell enclosure was heated by
circulating water from the bath through a 0.6 cm in diameter copper
line to prevent condensation. The two lines were wrapped in 2.5 cm
thick fiberglass insulation. The columns were by-passed for runs re-
quiring a moisture free feed gas.

3. PERMEATION CELL

A diagram of the permeation cell is shown in Figure IV-2. A cavity
was machined into each of two stainless steel blank flanges which were
1.6cm thick and 11.4cm in diameter. A porous stainless steel disk
covered with filter paper was placed in the cavity on the low pressure
side to support the membrane. The membrane was sealed bet&een two
teflon gaskets and the permeation cell was assembled with eight equally
spaced bolts. The‘gasket opening, which determine the exposed membrane
surface, had an area of 20.3 sq cm. The high éressure side of the cell
had a tubular thefmocouple well. A sampling septum was located on the
low pressure side of the cell. The septum was used to remove’moist

samples of the permeate.
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b4, CONSTANT TEMPERATURE ENCLOSURE FOR THE PERMEATION CELL-

The constant temperature enclosure consisted of a section of 45.5~
cm diameter asbestos pipe 31.1 cm high. The wall thickness was 1.9 cm.
The bottom of the enclosure was sealed with a 0.6 cm asbestos board.
-The bottom and sides of the enclosure were lined with 1.9 cm thick
fiberglass insulation. The 1id of the enclosure consisted of 1.9 cm
insulation between 0.6 cm asbestos boards. To insure a tight seal the
insulation and lower board extended into the interior of the enclosure.
The feed gas lines and permeate line entered the enclosure through
grooves cut in the top surface of the asbestos pipe section. A 0.6 cm
hole was cut in the side of the enclosure for the location of a thermo-
meter. For runs above room teﬁperature, heat was provided by a 500 watt
heater placed in the bottom of the enclosure. The heater was covered
with an asbestos board to shield the permeation cell and feed lines
from direct exposure to the heaters. The input current to the heater
was controlled by a Yellow Springs Instrument Company Thermistemp Model
63 thermistor temperature controlle?. The’thermistor probe was mounted
in the thermowell section of a teé located at the gas in1e£ to the high
pressure side of the permeation cell. A mercury thermometer was used to

determine the temperature of the air inside the enclosure.

5. PERMEATE STREAM DRYER

A 7.6 cm length of 0.6 cm diameter polyethylene tube was placed in
the permeate line as it left the permeate cell enclosure. The tube was

filled with Dryrite and was supported with glass wool.
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6. PERMEATE RATE MEASUREMENT EQUIPMENT

The rate of permeation was determined by timing the movement of a
plug of VanWaters and Rogers #54996 pump oil through a known distance
of tubing. A 1.2m section of Chemplast Inc. Chemfluor Special FEP
‘teflon tubing was used. The tubing wés calibrated by filliné‘a given
length of tubing with oil by a 0.5 cc Precision Sampling Corporation
syringe. The volume per unit length of the tubing has been determined
to be 0.022 cc/cm.

7. GAS COMPOSITION ANALYSIS EQUIPMENT

The compésition of samples was analyzed using a Varian Aerograph
series 1400 thermal conductivity gas chromatograph and a Sargent model
SR chart recorder. The recorder incofporated a disc integrator. The
chromatograph column was a 1.8m section of 0.3cm stainless steel tubing
packed with Walters Associated Inc. Porapak Q-5 packing. Samples were
introduced into the chromatograph by the use of a six port sampling
valve with a 1.0 cu cm sample loop.

The following conditions were used for gas analysis:

Column Temperature- 75° C
Detector Temperature- 120°C
Carrier Gas Flow- 16.2 ml/min
Detector Current- 150 milliamperes

Carrier Gas- Hydrogen
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The column temperature was increased to 170°C for the analysis of"
water vapor content.

B. EXPERIMENTAL PROCEDURE

1. GAS MIXTURE

A cylinder was evacuated using a vacuum pump. The cylinder was
filled with laboratory grade carbon dioxide to 5727 kPa. Laboratory
grade methane was then added until the final pressure of 9545 kPa was
reached. ‘The cylinaer was placed on an electrical heater and was peri-
odically heated for several days to assure a uniform composition.

2. CALIBRATION OF GAS CHROMATOGRAPH

The Porapak Q-8 column was calibrated. Samples of different sizes
of a sixty percent carbon dioxide and forty percent meéhane mixture
were taken with a 1.0 cc Precision Sampling Corporation’syringe through
a silicon rubber septum mounted on the outlet of a low pressure regula-
tor. Samples were injected into the gas chromatograph for analysis
under the same operating conditions. The runs were repeated several
times to insure reproducibility. The areas of the resulting peaks were
determined from the disc integfétor. These calibration data appear in
Figure IV-3 as a function of the peak area multiplied by the chromato-
graph attenuation. The chromatograph response wés ,shgwn.to be linear.-

3. MEMBRANE MANUFACTURE

The poly(vinylidene fluoride) film modified with sulfolene was-

manufactured by the following procedure. A clean pyrex beaker was
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weighed on a Mettler balance (semsitivity 0.0001 gﬁ). Twelve percent by
weight of sulfolene was added to ;he appropriate amount of vinyLidene
fluoride. Dimethyl formamide was added in a ratié of 5.7 cu cm di;
methyl formamide per gram of vinylidene fluoride. fhe mixture was
stirred with a glass rod for-ten‘minutes. The~beaker was covered with
polyethylene film and was placed on a hot plate at low heat until
complete dissolution was achieﬁed. The solﬁtion Qas deg;ssed in a
vacuum chamber at 406 mm Hg absolute for thirty minutes. The £ilm was
~cast on a 12.7cm by 24.4cm glass plate between thicknesses of masking
tape. The solution was distributed by drawing a glass rod over thé .
plate with the rod resting on the masking tape. The glass pléte was
then placed in an electrically heated oven (125cC) for thirty minutes.
The plate was cooled to room temperature before the film was stripped

from the plate.

4. OPERATING PROCEDURE

A permeation experiment was accomplishedlby compietion of the
following steps:
i) The membrane was mounted in the test cell and the system
pressure was increased to the operating condition.
ii) The temperature of the permeation cell was brought to the

desired level by setting the temperature controller.
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iii) The water vapor in the feed stream was brought to the desired
level by setting the temperature of the constant temperature
bath.l
iv) The temperature of the perméation cell and constant tempera-
ture bath was checked by a mercury thermometer. When both
were at the desired level, a vacuum was applied to the per-
meate line to remove residual gases.
v) The system was allowed to run until no change was detected in
the permeation rate and permeate gas composition;
vi) The permeate flow rate and composition were measured five
times. )
Runs requiring a dry feed gas by-passed the water vapor equipment.
The system was dried by the rapid flow of compressed air through all
lines before the run. Runs requiring a moist feed gas were run in order
of the least moist to saturated gas, insuring that residual moisture in
the lines did not affect the results.
A 1.0cc syringe was used to extract moist permeate from the per-
meation cell for water vapor tests.
The above procedure was followed to acheive steady state condi-
tions for water wvapor content Eests. Dry permeate fiow was measured and

wet permeate gas composition was determined.




EXPERIMENTAL RESULTS AND DISCUSSION

A. MATERTALS TESTED

Tests to determine permeate flux and overall separation factors
for a carbon dioxide and methane mixture were conducted using the
following available films:

i) Polysulfone.film: compound P-1700 (0.125mm thick) manufac-

tured by Union Carbide Corporation.

ii) Polyethersulfone film: compound PES 600 (0.075mm thick) manu-

factured by I.C.I. United States, Incorporated.

iii) Cellulose acetate film: ¢ompound 100 CA-43 (0.025mm thick)

manufactured by DuPont.

iv) Sulfolene modified poly(vinylidéngvfluofide)-lZ% modifier

produced for this eXPeriment(0.0SO mm thick approximately).

B. CONDITIONS OF THE TEST

Test runs were made with the cell temperature and feed gas mois-
ture content as two variable parameters. The cell temperature was
varied from 23 C (room temperature) to 90°C. The test conditions were
chosen to be 23 ,45 ,QS and 90°C. The feed gas moisture was varied from
a dry gas to a saturated gas by temperature selection of the constant
temperature bath. Eight test conditions were chosen to be 0.0, 0.12,
0.24, 0.36, 0.60, 0.84, 1.08 and 1.32 mole percent water. The feéd gas
water cdﬁtent was limited by the temperature of the permeation cell. If
the constant temperature bath was run at a temperature above that of

the permeation cell condensate would form in the cell. Saturation was
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achieved after 0.12, 0.36 and 0.84% water at 23 ,45 and 65°C respec-
tively. Saturation at 90°C cannot be achieved becausé of‘aﬂtemperature
limitation of the constant temperature bath. A maximum of 1.32% water
was used at 90°C.

C. GAS PERMEATION DATA

Five values of dried permeate flow and permeate composition were
measured at each test condition. The average values and ;tandérd dgvia-
tions are presented in Tables V-1 through V-4. The calculated valués of
flux(STP) and separation factors are also listed.

D. WATER VAPOR PERMEATION DATA

Dry permeate flow and moist permeate composition were measured at
two test points for each membrane. The data are presentéd in Table V-5.
The calculated values of water vapor flux(STP) are also listed.

E. COMPUTER ANALYSIS OF DATA

Two computer programs were used to develop a three dimensional
display of the data. Both programs were developed at- the Harvard Center
for Environmental Design Studies, Harvard University, and are available
through the Honeywell CP-6 computer at Montana State University. The
SYMAP program interpolated from data locations to produce a continuous
surface in the form of a grid matrix. The grid matrix contained 1569
points. The program determined values by the data within a computer
defined search radius. The SYMVU graphics program generated a three

dimensional display of the grid matrix on a CALCOMP plotter. The plot's




TABLE V-1.

SUMMARY OF TEST RESULTS FOR CELLULOSE ACETATE FILM

CELL $ H,0 FRACTION STANDARD SEPARATION . STANDARD
TEMPERATURE IN FEED CO., IN DEVIATION FACTOR FLUX(x10.) DEVIATION
(~'c) PERAEATE cc(STP) /cm?sec  (x1073)
23 0.0 0.965 0.002 22.8 B 0.1
45 0.0 0.953 0.002 16.8 3,8 0.3
65 0.0 0.931 0.005 8 5.6 0.1
90 0.0 0.914 0.002 8.8 3.3 0.1
23 0.12 0.875 0.013 5.8 2.0 0.1
45 0.12 0.928 0.003 10.8 9.2 0L
65 0.12 0.913 0.002 8:7 3.2 o )
90 0.12 0.903 0.008 T3 19.7 0.4
45 0.24 0.923 0.003 9.9 9.9 5%
65 0.24 0.905 0.006 7.9 9.0 0.2
90 0.24 0.887 0.007 6.5 s | 0.3
45 0.36 0.914 0.006 8.8 3.7 BT
65 0.36 0.920 0.005 9.5 6.4 0.3
90 0.36 0.898 0.007 7.3 10.5 0.4
65 0.60 0.913 0.002 8.7 8.0 0.2
90 0.60 0.848 0.005 4.6 10.8 0.3
65 0.84 0.905 0.005 7.9 7.8 0.2
90 0.84 0.903 0.007 7.7 T 0.2
90 1.08 0.886 0.002 6.4 9.0 0.1
90 1,32 0.910 0.002 g3 9.4 0.3
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TABLE V-2.

SUMMARY OF TEST RESULTS FOR POLYSULFCNE FILM

CELL % H.O FRACTION STANDARD SEPARATION 5 STANDARD
TEMPERATURE IN FEED CO. IN " DEVIATION FACTOR FPLUX(x10.) DEVIATION
(OC) PER@EATE cc(STP) /cm” sec (x10°)
23 0.0 0.971 0:003 277 2:0 055
45 0.0 0.960 0.003 19.8 s 2 0.2
65 0.0 0.942 0.001 13.4 250 0.4
90 0.0 0.924 0.005 10.9 8.5 00
23 0. 12 0.962 05003 20.9 i 02t
45 012 0.947 0.002 14.8 4.0 0.4
65 0. 122 0.948 0001 1ok 5%6 02
90 Ok2 0.909 0.005 83 559 052
45 0.24 0.934 0.002 D83 3.4 015
65 0.24 0.945 0.001 14.2 450 0.4
90 0.24 005927 0.005 1955 62 ALl
45 036 0.939 0.002 12 57 2.8 iz 2
65 0.36 0933 0-005 157 Bl hed o JP
90 0:386 0.920 0 Q0= SRS e 0.0
65 0.60 0. 937 0.003 e 3 6.1 02
90 0.60 0923 0.001 9.9 76 0.6
65 0.84 0.922 0.005 9.8 556 073k
90 0.84 0.924 0.002 10.0 559 61
90 1508 0.921 0.004 9.6 F555 0.1
90 1.32 0.9220 0.004 O%5 4.5 0.7

ac




TABLE V-3.

SUMMARY OF TEST RESULTS FOR POLYETHERSULFONE FILM

CELL % H,O FRACTION STANDARD SEPARATION 5 STANDARD
TEMPERATURE IN FEED CO, IN DEVIATION FACTOR FLUX(XlOz) DEVIATION
(°c) PERBIEATE cc(STP) /cm sec {x10")
23 0.0 - - - 0.0 0.0
45 050 0.982 0.002 45 % b 01
65 050 0.976 0.001 3346 2.4 Dl
90 0.0 05975 0.002 3722 4.0 0.5
23 .12 - - - 030 0.0
45 012 0.981 0.002 32..5 2.6 0.4
65 0212 0.973 0.001 2251 320 0.6
90 P12 0.966 0.001 2305 10.2 ik
45 0.24 0.975 0.001 Zeeh 4.8 0.4
65 0.24 02972 0.000 214 =0 0.2
90 0.24 0,975 0.001 2355 10.0 0.4
65 0:36 0.970 0.000 2053 8k Bl
90 0.36 0.964 0.004 224k 1005 052
65 0.60 0% 930 0.003 2053 6.1 0ok
90 0.60 0.966 0.00L 2325 Sond )k
65 0.84 0.969 0:002 19%:7 6.4 0.6
90 0.84 0.966 0.002 23.5 8.6 0.4
90 1.08 0.965 0.005 2258 8.1 0.2
90 3.32 0.964 0.002 231 8.1 02

8¢




TABLE V-4. SUMMARY OF THE TEST RESULTS FOR SOLFOLENE
MODIFIED POLY (VINYLIDENE FLUORIDE) FILM

CELL $ H.O FRACTION STANDARD SEPARATION - STANDARD
TEMPERATURE IN FEED CO. IN DEVIATION FACTOR FLUX(x105)  DEVIATION
(°c) PERAEATE cc(STP) /cm“sec  (x10°)
23 0.0 0.963 0.001 21.5 1 G §
45 0.0 0.958 0.006 18.9 5.2 0.0
65 0.0 0.947 0.007 14.8 16.3 0.0
90 0.0 0.921 0.003 9.6 37.6 0.2
23 B.12 0.976 0.003 3316 1.5 it
45 0.22 0.964 0.003 833 4.2 0.0
65 0.12 0.945 0.006 14.2 17.0 0.2
90 0.12 0.925 0.003 10..2 4503 0.0
45 0.24 0.465 0.003 22.8 5.7 0.0
65 0.24 0.939 0.002 2.3 14.5 0.1
90 0.24 0.927 0.005 10.5 28.4 0.2
65 0.36 0.931 0.002 for=% 16.7 0.2
90 0.36 0.922 0.003 9.8 333 b1
65 0.60 0.922 0.004 9.8 10.0 0.3
90 0.60 0.922 0.006 9.8 30.8 0.2
65 0.84 0.946 0.002 14.5 14.2 0.0
90 0.84 0.923 0.001 9.9 39505 0.3
90 1.08 0.922 0.001 9.8 =7 0.0
90 ¥.32 0.923 0.003 9.9 22.4 0.2

6¢C




TABLE V-5. SUMMARY OF TEST RESULTS FOR WATER PERMEATION
CELL ¥ H,0  PERMEATE PERMEATE PERMEATE
FILM TEMPERATURE IN FEED DRY FLUX %HZO WATER ELUX
(°c) cc/cm”sec cc/cm”sec
CELLULOSE ACETATE  90. 0.25 9.0x10"% 24.4 2.9x107%
CELLULOSE ACETATE  90. 0.85 7.7%x10"% 35.5  a.3x10~%
POLYSULFONE 90. 0.36 5.3%10 2L 329 " 2.6%1072
POLYSULFONE 90. 0.60 7.6x10"°2 33.9  3.9x10"°
POLYETHERS ULFONE 90. 0.85 8.7x10°>. 13.9  1.4x1g~2
POLYETHERSULFONE 90. 0.96 8.3x10"> 25.2 2.8x10"°
SOLFOLENE MODIFIED 90. 0.36 i T R S SR B
SOLFOLENE MODIFIED 90. 0.50 3.12x10"% 35.7  1.73x1074

(0}
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base coordinates of temperature and water content were £he variables of
this study. The raised area represents the response surface. The
stair-step shape of the response surface was produced as a result of
the dependence between temperature and the feed gas water content. The
area of high water content and low temperature has no physical meaning.
The advantage in the use of the plots is that the effects of either
Qariablé can be seen clearly. : .

E. DISCUSSION

1. OVERVIEW

The use of the term "flux" is to describe the flux of the dried
permeate unless otherwise noted. The discussion of film flux values
does not consider the film thickness. A concentration gradient of water
across the film may result in non-uniform film properties. The use of
flux values adjusted to a unit thickness may be incorrect.

Flux values for the films varied from less than 0.00001 to 0.0019
cu cm(STP)/sq cm(sec) over the range of conditions investigated. Cellu-
lose acetate gave the highest average flux followed in deséending order
by modified poly(vinylidene fluoride), polyethersulféne and polysul-
fone. Flux values for polyethersulfone and polysulfone varied little
over the test conditions. Flux values for cellulose acetate and modi-
fied poly(vinylidene fluoride) varied up to ten fold.

Separation factors for the films varied from 6 to 34 over the

range of conditions investigated. All the films selecti&ely passed
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carbon dioxide. Polyethersulfone gave thé overall highest separétion
factor followed by polysulfone, modified poly(vinylidene fluoride) and
cellulose acetatel The separation factor of polyethersulfone was ap-
. proximately twice that of the others.

2. REPRODUCIBILITY OF DATA

Results of the Ellig, Althouse and McCandless study can be com-
pared directly with the data from the moisture free runs of this re-
search(41). Experimental conditions including the operating pressure
and feed gas composition were idenfical. The flux values and separation
factors of the two studies with a dry feed gas are plotted in figures
V-1 and V-2 respectively.

The separation factors of sulfolene modified poly(vinylidene
fluoride) film and cellulose acetate film varied by 5% and 129% between
the two studies respectively. The flux values of these films varied by
an average value of 18% and 19% respectively.

The polysulfone film demonstrated similar separation values (%%
difference). Hoﬁever, fiux values of thig report are approximately one
forth the cited values. The thickness of the film used in this study
was 2.5 times that of the cited study. After correcting for the thick-
ness difference the flux values varied by 31%.

The separation factors and flux values of the polyethersulfone
’varied to a large degree between the two studies. The separation fac-

tors varied by an average of 24%, with the cited values alwéys smaller.
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The flux values at 25°C were an order of magnitude different. The
difference decreased to approximately 20% at 90°C. The thickness of the
film used in this study is 3.0 times that of the cited study. After
correcting for the thickness difference the flux values varied by 45%.
The thickness difference should have little influence on the separation
factors.

Some work has been done on the permeation‘through membranes with
various processing and treatment histories(42). In tests with polysul-
fone the sorption capacity for carbon dioxide varied considerably with
the history of the specimen. The difference between the studies may be
caused by different production methods for the polysulfone and poly-

ethersulfone films.

3. CELLULOSE ACEiATE MEMBRANE

Graphs of the separation factors versus feed stream water conte#t
and flux versus feed stream water content are shown in figures V-3 and
V-4 respectively. The plot of the separation factor values versus feed
stream water content and temperature is shown in Figure V-5. The plot
of flux versus water content and temperatuéé is shown in Figure V-6.
The cellulose acetate membrane behaved in the following manner:

a) An increase in temperature decreased the separation factor.

b) An increase in feed gas moisture decreased the separation

factor.
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