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Abstract:
A permeation apparatus was developed for determining permeability coefficients of gases and mixtures
of gases oyer a wide range of temperatures and pressures.

Several chemicals were tested as modifiers for vinylidene fluoride based membranes, primarily for the
separation of sulfur dioxide from SO2/N2 mixtures. Sulfolene was found to be a very selective
modifier for the separation of sulfur dioxide. The effect of the sulfolene content in the membrane was
investigated, and an 18 wt% sulfolene was found to be a good membrane composition. The
permeability coefficients for sulfur dioxide, nitrogen, hydrogen, carbon, dioxide, carbon monoxide,
oxygen, argon, methane, ethane, ethylene and 1,3 butadiene were determined. The permeability
coefficients for SO2 were found to be 4 orders of magnitude greater than those of N2, CO, O2, Ar,
CH4, C2H6, C2H4 and 1,3 butadiene; about 3 orders of magnitude greater than those for hydrogen,
and about 2 orders of magnitude greater than those for carbon dioxide.

The permeability coefficients for SO2 decrease with increasing temperature. For the other gases
studied, except CO2, the coefficients increase with temperature. CO2 shows a mixed behavior. The
permeabilities were found to be exponential functions of pressure and temperatures, except for N2, CO
and Ar, which are independent of pressure.

Very efficient separations of SO2 from SO2/N2 mixtures were obtained. A permeate containing 95.5
vol. % SO2 was obtained for an exhaust gas SO2 concentration of 5.6 vol. %, with permeate flow rates
of about 1 x 10"-3 cc(STP)/cm”2.sec, at O°C and 315 psia upstream pressure. Separation of CO2 from
CO2/H2 mixtures was found to be possible. Separation factors of about 2.5 were obtained for CO2.

When working with mixtures of gases a very strong plasticizing effect by the sorbed gas on the
membrane was noticed, which, was stronger at lower temperatures, where the deviations from ideality
are greater.
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ABSTRACT.

A permeation apparatus was deyeloped for determining permeability
coefficients of gases and mixtures of gases over a wide range of
temperatures and pressures.

. Several chemicals were tested as modifiers for vinylidene fluoride
based membranes, primarily for the separation of sulfur dioxide from
809/Ny mixtures, Sulfolene was found to be a very selective modifier
for the separation of sulfur dioxide. The effect of the sulfolene
" content in the membrane was investigdted, and an 18 wt% sulfolene was
found to be a good membrane composition. . The permeability coefficients
for sulfur dioxide, nitrogen, hydrogen, carbon. dioxide, carbon monoxide,
oxygen, argon, methane, ethane,. ethylene and 1,3 Butadiene were
determined. The permeability woefficients for S0y were found to be 4
orders of magnitude greater than those of Ny, CO, Oy, Ar, CH4, CyHg,
CoHy and 1,3 butadiene; about 3 orders of magnitude greater than those
for hydrogen, and about 2 orders of magnitude greater than.those for
carbon dioxide.

The permeability coefficients for S0, decrease with increasing
temperature, For the other gases studied, except COp, the coefficients
increase with temperature. CO; shows a mixed behavior. The
permeabilities were found to be exponential functions of pressure and
temperatures, except for Np, CO and Ar, which are-independent of
pressure,

Very efficient separations of SOp from SOy/Ny mixtures were
obtained. A permeate containing 95.5 vol. % S0O9 was obtained for an
exhaust gas S0, concentration of 5.6 vol., %, with permeate flow rates
of about 1 x 18 3 cc(STP)/cm2.sec, at 0°C and 315 psia upstream pressure.
Separation of COy from COp/H, mixtures was found to be possible.
Separation factors of about 2.3 were obtalned for CO2

When working with.mixtures of gases a very strong plasticizing
effect by the sorbed gas on the membrane was noticed, which. was
stronger at lower temperatures, where the devlatlons from ideality are
greater,
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INTRODUCTION 'AND PURPOSE

The selectiye permeation of gases through nonporous polymeric
\membranes is a potentially effective separatibn technique that has
attracted much attention since the early 1950‘5: This technique has.
made. considerable progress in recent years in areas such as the
development of more permeabie and -selectiye membraneé; as well as of
efficient permeatiqn equipment for lérge scale operations;

The study of selective permeation is generally‘motivaﬁed by the ’
economic necessity of developing more competitive separation methods.
The investigation of’carbon diokide control is perhaps an exception,
since it has been aimed towards a reduction in the wéight and size
of separation equipment used In aerospace missions.

In order ta determine the poténtial usefulness of a gas permeation
process, whether in terms of process economics or hardware requirements,
it is important to determine the ﬁembrane a;ea and the number of stages
that are necessary to perform the desired separation. The membrane
area requirements are of particulér interest from an economic point of
view because they determine a large fraction of the investment costs of
a large permeation plant. Studies indicate that these costs may
constitute as much as 95% of the total costs of a gas permeation
' process (1, 2).

Sulfur oxides-are the most common air pollutants; and result mainly

from processes burning high sulfur coal (power geneération) and some

metallurgical operations such as roasting, smelting and refining of
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copper and lead ores. An econémic way of separating these oxides
from gaseous mixtures is not ayailable yet:‘ The élternative of .
discontinuing the operations that'generate thésé péllutants seéms b
highly unlikely in view of the limited reserves of other traditional
sources of energy and fawnméterials, and the still distant future of
some other gon—conventional forms of.energy;

It is then necessary to search for improved methods of separation
of these oxides, and especially of sulfur dioxide, from the most
common ﬁixture of gases, that will probably include nitrogen, oxygen,
carbon dioxide, qérbon monoxide and probably some hydrocarbons and
hydrogen. In an attempt to contribute to the realization of these
ultimate goals, this work was undertaken with the fbllowing specific
objectives in mind:

(1) To design and construct an improved permeation apparatﬁs
suitable for the accurate determination of the permeability
coefficients of a wide variety of membrane — gaseous mixtures
systems, over a broad range of temperatures and pressures.

(2) To determine a membrane composition and manufacturing technique

that gives a high selectiyity with respect to SOZ;

(3) To investigate over a wide range of temperatures and pressures,
the selectivity of the improved meﬁbrane with respect to other
gases that form miﬁtures with sulfursdiggide in industrial

processes.
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(4) To determine operating conditions that giye the best separation
over the range of temperatures and pressures.studied. |
(5) To investigate ﬁhe possibility.of pepférmiﬁg éther gas
' separations that are of practical interest, by using the

membranes developéd.
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REVIEW OF THE LITERATURE
. The best results.in the separation of acid gases haye heen

. obtained using modified polymeric membranes. Among these; .

A, ~ LIQUID MEMBRANES

.One of the most succeéssful separations 6f sulfur dioxide from
mixtures containing mainly nitrogen, oxygen and carbon dio#ide, has been
achieved by means of the so called "liquid membranes', The use of
these membranes for gas separations has been disclosed in U. S.

Patent No; 3,335,545 Robb eg al.(3). Basically the process consists
of including a highly selective solvent in the membrane, resulting in a
gonsiderable increase in the degree of separation of certain gases.
Immobilization or support of the solvent in the membrane can be
éccompiished in different Ways. The liquid can be supported in a
non-interacting polymer'in.such a way to insure that the solvent is

the controlling factor. Also, a thin film of the solvent can)be
supporfed by a porous, unwet backing having such small holes that the
liquid cannot flow through it.

A subsequent improvement over the Robb et al., immobilized liquid
membrane was that of Ward et al. U. S. Patent 3,396,510 (4),
embodying thé phenomenon described .as “facilitated transport", applied
to the transfer of carbon dioxide, sulfur'dioiide and oiygen across
liquid membranés. In the case of sulfur dio;ide; a large concentration

- =

difference of ions HSO3 and SO3 was used in the immobiflized liquid
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film. These ions are termed “carrier speciés" and must be non-volatile
and reversible chemiéally*reactiye with the gaseous comp§nent; the
transport of which is being facilitated;

The next step was to look for better solyents for given separations.
The U, S. Patent 3;506,186, Ward (5), was issued in the preparation
of liquid membranes for sulfur dipéide extraction., Advantage is
taken of the high solﬁbility of 802 in tetraethylene glycol»diﬁethyl
ether (TEG—DME); The_separapion is accomplished using a liquid film
of this solvent. A sﬁitable film construction employs a tﬁin porous
cellulose layer impregnated with the solvent. First a poroué:membrane
of modified cellulose derivation is prepared, hydrolized to cellulose,
the hydrolizing agent is leached out and the newly formed cellulose
film is impregnated with the liquid glycol.

Preliminary pérmeability measurements of the immobilized film of

TEG-DME have indicated permeability coefficients of about 10,000 x lO_.9

cc(STP). cm/sq‘cm.sec.cm Hg for SOZ’ 3.2 x 10—9

9

cc(STR). cm/sq cm.sec.cm

Hg for N2 and 105. x 10~

The ratio of permeability coefficients is of about 3100 for the SOZ/NZ

cc(STP).cm/sq cm.sec.cmlg for COz‘at 25°C.
system and of about 95 for the SOZ/COZ‘syStem. Thus, this membrane is
highly selective for 802 and has the advantége of being essentially
non volatile at room temperature, and with the potential use of glycols
of higher molecular weight for higher temperétufe‘éeparations.

Ward (5), claims that a permeate of more than 95% SO, could be obtained
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out of a 10% feed gas, provided the downstream of the liquid membrane

be subjected to wvacuum or to.sweep gas.

B. MODIFIED NON-LIQUID POLYMERIC MEMBRANES

. Seibel and McCandless (6) used vinylidene fluoride membranes
modified with sulfolane (tetrahydrothiophene l; l—dio#ide) to separate
sz from SOZ/N2 mixtures; These membranes were made by~dissolving
vinylidene fluoride and sulfolane in dimethyl formamide. The films were
cast on glass plates between thicknesses of masking tape.. The solvent
was evaporated placing the plates in an electrically heated oven. The
membrgne was fogPd to be quite selective.to SOZ’ Maximum separation
"Eags achiévéd with 8% sulfolane in the membrane at 400 psi. The
sglectivity decreased with increasing temperature.~ Permeation rate
increased with increasing pressure and with increasing amount of -
sulfolane in the membrane. The greatéé£ sepafation achieved was with
a feed of 12.5% SO2 at 400 psi and 23°C. The permeate at these

conditions was 93.5% SO, and the flux, 1.86 ftB(STP)/ftzday.

2

Tajar and Miller (7) studied the permeation of CO 0, and N

2? 2

through a four component membrane system, polyethylenimine-polyvinyl-
'bupyral—epoxy-water, using a yayriable pressure technique. To make the

membrane the ingredients were dissolved in a compatible mixed solvent

system. The films were cast on glass plates, dried in oven and remoyed -

from the casting surface by soaking in water. The membrane was found
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to be quite selective to €0, oyer 0, and N,.. The permeability
coefficient ratios were of the order of 3031 or greater, compared

to typical ratios for inert membrane systems of the order of 4:l1 or

5:1. )

In general for all the systems reviewed, It appears that the high

. J
selectivity with respect to acid gases is a result of reversible

chemical reactions that increase greatly the solubility of these gases

in the active ingredient of the membrane ( 7, 5).

1
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THEORETICAL BACKGROUND

A. ~ THE NATURE OF THE TRANSPORT PRQOCESS

. The permeation of a gaseous mi%ture through a solid polymeric"
material includes three diffeyxent transport stagés:
(1) Transport from the gas miﬁture to the surface of the membrane.
(2). Transport thréughfthe membréne:

(3) Transport from the membrane to the stream of permeate.

B. TRANSPORT THROUGH A GASEQUS "FILM

The steady state transport of gas A from the bulk stream in the
high pressure side of the cell to the surface of the membrane may be

treated as the sum of a diffusional contribution and a bulk flow

contribution:
dxA
NA = c DAB S P + X, (NA + NB) ) III-1

The diffusional contribtuion is proportional to the concentration
gradient at the interface, therefore should be roughly proportional
to some characteristic composition difference AxA between the surface
of the membrane and the main stxeam. The bulk flow contribtuion on the
other hand, is independent of any concentration difference ( 8), Lt

seems adequate to define a local high mass transfer coefficient

< oo in terms of the diffusion of speciés A normal to the interface:
, .

J’¥ — k- LJ &{ €

Az 2=0 x,loc - A
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Or in terms of the rate.of diffusion of speciés A normal to.the

interface;
NA- N '(NA. + NB ) = k'x,loc A?A' . k ' IIr-2
o) o) o) o
The coefficient k ° is a function also of the rate of mass

x,loc _ -
transfer. This effect arises from the distortion of the velocity
and concentration profiles by the flow of A and B through the inter~
face (9), ‘For the case of small mass—transfer rates NA’ and N; .
these effects may be neglected; Thus, a local mass transfer coefggcient

for this limiting condition is defined by:

N, - %, + Ny )
o} o} o} 0
1im = Lk T ITI-3
N >0 AXA x,loc
A
o
o

It has been shown that this coefficient can be used for moderate

mass transfer rates instead of kx.loc ( 9). For a finite surface A,
b

IIT-2 can be rewritten:

W, - x

a "y (G THR =k Al

A
or for small mass transfer rates,

WA - X, (WA + WB) = k,x A AXA ‘ ITI-4

s
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For the case of slow mass transfer in a closed conduit, with known -
composition, it is conyenient to employ a local one phase mass transfer

coefficient;

dWA = kx,loc(xAb - XAO) + on(dWA + dWﬁ) IIT-5

|-

or

A kx,loc(XAb - %, )+ X (NA + Ny ) IIT-6
o ) o "o o)

N

I}

Defining r = NB /NA » equation ITT-6 can be rewritten:
o “o

k x,, - %, ) ‘
N = x,loc “TAb A : TTT=7

o) 1-x A+ 1)

AO

/

A similar expression can be derived for the gaseous film

resistance associated with the permeate, based on the local mass

transfer coefficient k
: y,loc

ko 10cTa, = Yap?

= . IIiI-8
o l—YA (l + r) . \
(o]

C. TRANSPORT THROUGH A POLYMERIC MEMBRANE

The passage of gas through a polymeric non porous membrane is
usually considered to involve three indepeﬁdent physical phenomena: (13)
(1) Solution or sorption of the gas or vapor at one side of

the membrane. -
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(2) Diffusion of the dissglved gas through.thﬁ,membrané;

(3) Re—evaporation or desorption:

The gases are transported through the polymerlc nénpérous membrane
by means of activated dlfoSlon; that is a process that e%hlblts a
large positive activation eﬁergy~and is quite specific, depending on
the solubility of the penetrant in tﬁe membrane, as well as the ease of
mobility of the penetrant molecule inside the polymer matriﬁ. At any
given instant, a penetrant molecule can be visualized aé occupying
a vacant site existing between adjacent polymer chains. In amorphous
polymers above their glass transition temperature,‘;uch_vacant sites are
qpnstantly created and elimingted as a result of the seémental motion
"af the polymer chains. A penetrant may thus proceed, under the
influence of a concentration gradient and the cooperative motion of the
chains, from one position to another, thus achieving a finite jump in
the direction imposed by the concentration gradient. 'The overall travel
of the particle consists then of a series of steps or diffusional jumps.
Thus, tﬁe\energy of activation for diffusion can be associated with
the energy required for vacant site formation against the cohesive
forces lnteractlng among the chains, in addltlon to the energy requlred
to foree the diffusing molecule through_the surrounding chain network.

The ‘motion of the penetrant molecule inside the polymex matyix
is strongly affected by the~way‘in which'the'mOleculg‘is held inside

the solid and by the moiecular environment in which diffusion takes
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place.. These two factors are assgciated with_ﬁhe solubility.of the
penetrating substance in the polymer. . E L

The solubility of a penetrant in a bolymeric material éan be
ascribed to the tendency of the penetrant to distribute itself betwegn
two phases. Due to interactions between the penetrant and the'polymer,
some mixing of the polymer and thé penetrant phases will normally .occur,
with a subsequent increése in the entropy of the system (163' The
solutions of penetrants by a solid polymer is referred as “sorption" in
the permeation literature, to inclgde both, absorption and édsorption
mechanisms. Adsorption includes only the surfaces of the solid, both
external and internal. The internal surface would inélude not only
regions compriging pores and pinholes,‘but also regions on,groups of
molecules, or even single macromolecules., The total internal surface
available for adsorption for a penetrant with a given molecular size;
and shape would then depend upon the configuration of the macromolecules
to form sites of the proper magnitude and shape. The adsorption of a
penetrant into these sites is further characterized by the magnitude

0 .

of the forces interacting between the penetrant and substrate. If
these forces are weak and non specific, such as yan der Waals forces
the process is defined as “physical adsorption". On the contrary, if
the forces of interaction are strong and specific; the prbcéss may

exhibit heats of sorption comparable to those of c¢hemical bond
3

formation and is referred as '‘chémisorption'". The penetrant is

# E
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attached firmly to the site and fs not readily remoyable on desorptionm,
leading to hysteresis effects? '

Absorption, on the other hand; occurs when the penetrant—polymer
system forms a random miﬁture, similar to an.actual solution: This
random mixture may be even1§‘di3tributed throughout the solid phase, or
may exist only in the amorphous regigns qf a semi-crystalline
polymer (1i).

Addition of plasticizeré or modifiers to -a polymer increases the
diffusivity of a given gas or vapor: This increase is attributed to
the increase in polymer segmental mobility as a resﬁlt of lower
cohesive forces between chains (lé). Tﬁe solubility may also be
greatly increased by the additiog of modifiers. This increase fis
sometimes attributed to reversible chemical reactions taking place
befween the modifier and the penetrant (7,.5)_° " 'The combined
effect is a marked increase in the permeation rate.

The presence of crystalline regions in a semi-crystalline polymer
has a strong negative effect on the raté of diffusion of penetrants
through the polymer. The principal effects are; a reduction in the
available volume for diffusion; the tortuosity'inQOlved in by-passing
crystallites; the decrease in the mobility‘of amorphous chain segments
as a result of the presence of cristalline regions which may act as

crosslinks.

The permeation process is generally slow. Thus, the use of an

1l
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equilibrium relationship between the concentratipns of sorbed gas
and the partial pressures.at the interfaces appeals ‘to be justified.

Henry's law can then be assumed to apply,

Cp = Mp, ,- ITT-9
3

The diffusion process is described by Fick's law:

. d.c
N = —D —.___.A.__
A A 4 ITT-10

If an average value of the diffusivity DA Is considered, equation

ITI-10 can be integrated subject to the.following boundary conditions:

Z="Zl GA

Al
ITr-11

27 %5 °A T a2

to give,
DA
M= TE o Ca e L2
From equation ITI-9 and ILI-12:
i)A
Ny == Az (ml(PA ) “"mZ(PA.E ) o HL-13
Lo 20 o '

If the Henry's law constant is assumed to be a function only of
temperature and both membrane surfaces are at the same temperature,

then
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and:

1_DA.m
Ny = 7712 [(p, 2

~ (p, ) 3
10 TR

The permeability coefficieént P is defined as

P =D m= 'NA:AZ'
AT TAT T .
1l o 20
But (PAl)O =B “a ('PAZ)O = By YA

From ITI-14 and ITT-16,
D, m ’

A
By x4 — By, )
Az o} o

D. DEFINITION OF THE OVERALL MASS TRANSFER COEFFICIENT

III-14

IIr-15

ITI-16 -

ITT-17

At steady state the molar fluxes defined by equations III-7, ITI-8

and ITI-14 have to be the same. Thus:

(x, —=x, ) G, v, 2
kx,loc Ay Ay = k'y,loc Ay Ay = DA To(p.x, Py, )
NA = 1 AO 2 A0
1- on(l + r)- , 1- yAO a + ) Az TTT-18
That can be expressed as;
N, =K [, ) = G221 ILI-19
A& My A
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where,

-

K= o=, )] bz 7, (1. ] LLL-20.
10T AL 28T TA T
0 + + o
kx,loc DAm ky,loc

is the overall mass transfer coefficient. For the case of permeation

of only one gas or vapor, k_ become infinite and

x,loc and k ,

y,loc

equation III-20 reduces to III-17, since the pressure of the penetraﬂt

is the same in the interface and in the bulk stream.

E. DEFINITION OF THE PSEUDO-PERMEABILITY COEFFICIENT '

Equations ITI-19 and IIT-20 describe the permeation phenomena for
mixtures of gases or vapors. The equilibrium compositions X0 and yAa
are included in these expressions, togethef with the Henry's law constant
m and ky,loc' When these variables of the system are not availablg,
there is still the need of an expression that includes the significant
parameters of fhe transport phenomena taking place, and permits the
correlation of experimental data.  Thus a "pseudo-permeability co-
efficient" for component i of a gaseous mixture is defined as follows:

N, Az
"1 T o ) | IIT~21
Pil‘p “Pi2

thét is similar to equation LIT-15, the only difference being the driving

force employed, that for the case of equation IIT-21 is the difference

-
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in partial pressures of the bulk streams at both sides of the membrane,
while in equation ILI-15 the interfacial partial pressures, resulting

from the equilibrium at the interface, are considered. It follows that,

\ : ! .
and ‘

T. < P. ' ITI-23
i i

Even though equatfon IILI-21 is not adequate to predict the
performance of a membrane based on experimental data, since éeveral
relevant mass transport variables have been neglected, it nevertheless
proves useful for comparative analyses while working with gaseous
migtures and for correlation of experimental data.

- It can be seen from equation III-21, that a pseudo permeability

coefficient for each component of a gaseous mixture can be obtained.

F. DEFINITION OF THE SEPARATION FACTOR

' The actual local or point separation factor.‘czci of component i in a

gaseous mixture is defined as:

\ Y-/ a1 - y.). . -
% = = = ITI~24
x./ @ =%

For-a case in which perfect mixing can be assumed, the local

separation factor % has a constant value for any point in the membrane

and is identical to the overall separation factor.
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G. =~ CHARACTERIZATION OF A:GA§EQU$'§§EAﬁATION

The separation factor giyes an.idea of the selegéiyity‘éf a
membrane with. respect to a component of a gaseous mi#turé; The higher
the separation factOr; the highey the selectivity; However; no
information is derived from the separation factor concerning the rate
of permeation. This rate is directlf related to the pééudo—permeability
coefficients of the components of the mixture, from which all the
relevant information can be obtained. To characterize a binary
separation, the pseudo permeabilitfes for the two components of the
mixture must be reported, or the péeudo permeabilitf~coefficient of
one component and the overall separation factor. In both cases, the

separation process is defined.

v
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EXPERTMENTAL EQUIPMENT AND PROCEDURES

A. ' DESCRIPTION OF EQUIPMENT ]

The arrangement of the experimental equipment used in.the permeation
. i
studies is shown,schematically'ig Figure IV-l. The equipment consists
of fhe following basic parts: gas storage and feeding facilities, the
constant temperature enclosure — permeation cell system, pressure
measurement and control facilities; flow rate measurement equipment and

the analyses section., A description of the individual components

follows.

(1) Permeation Cell

A diagram of the permeation cell is shown in’Figure IV-2. It is
fabricated from two stainless steel blank flanges, 5/8 in. thick and
4.5 in. in diameter. Two cavities were machined in the flanges for
the feed circulation and membrane support. The membrane is supported
b§ a porous stainless steel disk covered with filter paper and is
sealed between two teflon gaskets and clémped shut by eight equally

spaced bolts. The gasket openings and hence exposed membrane surface,

14

have an area of 21.2 cmz. The cell has proyvisions for the insertion of
thermocouple probes to hoth, the high and low pressure sides of the

membrane.

(2) Constant. Temperature -Enclosure

The constant temperature enclosure was made from a piece of 18 in,
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FIGURE |v-1,SIMPLIFIED DIAGRAM OF PERMEATION EQUIPMENT
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diameter by 12 in. high asbestos pipe; sealed at the bottom and with. a
tight fiﬁfing asbestos board lid: The Wall; top and bottom were |
further insulated with. fibexglass.,
Depending on the range of temperatures to be used there are two

arrangements of the constant- temperature -enclosure.

a. Low and Intérmediate Temperatures (0-35°C)

The arrangement of the equipment for thié'case is shbwn
diagramaticélly in Fiéure IV—3; A tank 11 in: high and 12 in.
diameter is placed inside the enclosure. The permeation cell is
mounted in the tank, together with a 60 ft. coil of 1/8 in.
stainless steel tubing to insure the same temperature for the feed
gas and surrounding medium. The fank is filled up with an ice-
water mixture for runs at 0°C. Ice is added periodically to the
tank to insﬁ?e that unif?rm temperature is maintained. For runs
at temperatures in the range of 10-35°C, the tank is connected to
a Neslab I;struments constant bath temperature unit, equipped for
control to within t 0.1°C and with circulation of the bath liquid.
Cold water is used for cooling purposes (4~6°C) through the heat
exchanger coil built in the unit. The cooling water flow rate is .
measured with a rotameter. Heating is proyided by a 1008
resistance contained in a quartz coii. This heater is connected

to the temperature controller. The water tank is equipped with a
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FIGURE IV-3. CONSTANT TEMPERATURE ENCLOSURE - LOW TEMPERATURES
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level controller that works coupled with the constant water
temperature unit. A mercury therometer (sensitive to 0.1°C) is
placed in the tank; The tempe;ature of the water in the tank was
found to be very uniform, prébably because of the active
circulation provided bf‘the recirculating pump.

An iron — constantan thermécouple probe for temperature
measurement is mounted in a thermowell in a tee at the gas inlet
to the high pressure side of the cell. Another iron — constantan
thermocouple probe is mounted In the low pressure side of the
permeation cell, wvery close to the porous staiﬁless steel disk, as
shown in Figure IV-2. The temperatures were recorded in a
Speedomax, Type G Leeds & Northrup Co. recorder with a range of

\

0-200 °C, and with multiple input.

b. High Temperatures (35 — 55°C)

The arrangement of the equipmént for this case'is shown in
Figure IV-4. The permeation cell is mounted in the enclosure
together with a 60 ft. coil of 1/8 in. stainless steel tubing to
‘insure the same temperature in the feed and surrounding medium.

Two 500 watt heatérs are placed in the bottom of the enclpsure
and covered with a plece of asbestos board to shield thé permeation
cell and heat ekchanger coil from direct e%posure to the heaters.

The input to one of these heaters is controlled by a Powerstat
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FIGURE IV-4. CONSTANT TEMPERATURE ENCLOSURE - HIGH TEMPERATURES
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.(The Superior Electric Co.) ‘variable transformer, while Ehe'input

to the other heater is controlled by a Thermistemp Model 63

»

thermistor temperature controller through another Powerstat (The
Superior Electric Col) variable transformerl The thermistor prébe
together with the thermocouple for tempe?ature measurement are
mounted in a thermowell fn a tee at the gas inlet to the high
pressure side of éhe permeation cell. Another thermocouple probe
is mounted in the low pressure side of the cell, wvery close to
the porous stainless steel disk, as shown in Figure IV-2, The
temperatures are recorded in a Speedomax Type G (Leeds and
Northrup) reéorder with multiple input. A high speed Pamotor
Model 4500 24w fan is mounted on the asbestos baffle to maintain
a constant temperature throughout. A mercury thermometer
(sensitive to 0.1%C) is used to determine the temperatﬁre of the
enclosure. The temperature was found to be quite uniform

thrcughout.

, )
(3) Pressure Measurement and Control

Since the range of pressures require§ in the high pressure side of
the cell is very wide (1 ~ 75Q psig) a multiple éystem of pressure
measurement and control is necessary. For low pressures, a 24 in.
mercury manometer is used, together with a low flow rate, low pressure

Grove Model No. 155 back .pressure regulators TFor iIntermediate pressures
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a Weksler Instruments Rhosphor Bronze. gauge is used: This gauge has a
0 to 10Q psig range. For higp pressures én Acraéaée gauée-with:a
0-700 psig range is used; For the intermediate and high pressure
range the control is provided by a Groye Mighty Mite back pressure
regulator; |
The pressure in the low pressure (permeate) side of the cell iIs

measured with a calibrated 14 inch oil manometer.

N

(4) Flow Rate Measurement

The -vrate of permeation is determimed by timing the movement of a
smgll slug of mercury inside a 45 in. calibrated pyrex capillary tube.
Two capillary tubes of different internal diaméters were used depending
on the permeation rate., These tubes were calibrated by determining the
weight of meréury required ta fill a giyen length of tube. The volﬁﬁes
per unit length of tubing are 0.017743 and 0.0452 cc/cﬁ. When the rate
of permeation is not being measured, the ‘permeate is vented through an
oil seal. The mercury slug is moved back into reading position by means
of vacuum. A set of needle valves ayoids the flooding of the.lines
with oil when the slug is being pulled back.

The flow rate of exhaust gas is measured by a low flow rate

calibrated rotameter with a range of Q.2 — 6 liters (S8TR)/hour.

(5) "Analyses Section

A Varian Aerograph Series 1400 thermal conductivity gas
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chromatograph coupled with a Sargent Model SR'recotdef'are used to

analyze s0, ~ N; and CO2 - H2 miﬁtures, operatiné under’ the following
conditions?

SOZ/NZ ’

Column; 6 feet x 1/8 in. stainless steel ;ubing

packed With.Porapék Q-5 (Waters Associates; Iné:)

Column Temperéture - 120°C

Detector Temperature —~ 11Q°C

Carrier Flow — 25.cc/min;

Detector Current — 150 ma.

Carrier gas: Helium

C02/H2

Column: 9 ft. x 1/8 in. stainless steel packed with
Porapak N (Waters Associates, Inc.)

Column Temperature — 80°C

Detector Temperature = 125°C

‘Carrier Flow — 25 cc/min

Detector Current — 15Q ma.

Carrier Gas; Helium

In both cases, the chromatograph was calibrated using known gas

mixtures. Duplicate analyses of gas samples of known compositions
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indicated an accuracy of about i 1Z of the absolute amount pfesent.

(6) Storage and Feeding Facilities

High pressure cylinders are used to store the gases, -vapors and
mixtures that are fed to the permeation cell: ' The feed flow rate is
controlled by pressure regulators and a micro needle wvalve that can

provide constant feed rate of as low as 200 cc/hour.

(7) Lines
The lines connecting the different parts of the apparatus
consist of 1/8 in. fluorinated polyethylene tubing (low pressures)

and 1/8 in. stainless steel tubing (high pressures).

(8) Materials

1. Vinylidene Fluoride ~ The membranes used in this study are made
of vinylidene fluoride, to which the modifier and the solvent are added
and the solition formed cast into membranes. The resin is commercially
available under the trade name of Kynar, Grade 301 and manufactured
by the Penwalt Corp. No antioxidants are used.

2. Sulfolene -~ The sulfolene was purchased from the Ehillips :
Petroleum Company in 1 1b. containers. |

3. Dimethyl Formamide - Used as a solvent for the,fesin
(vinylidene fluoride)  and the modifier to fq;p g‘gplution from which

the membrane is cast. The dimethyl formamide used was purchased from .

IR )
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The Baker Chemical Company; Baker gra&e (B2 150-152).
" 4. Sulfur Dioxide ~ Technical grade, puxchased from The'

Matheson Company in cylinders with.net weight of 40 1bs:

5. Carbon Dioiide —~Laboratory grade; purchased ffom the
Chemetron Company in cylindérs with net Weiéht:of 40 lbsi

6. Nitrogen - Laboratory grade, purchased from the Chemetron
Company in cylinders contafning 285 cu ft (STP);

7. Hydrogen — Laboratory grade, purchased from the Chemetron
Company in cylinders containing 285‘cu ft (8TP).

8. Oxygen — Laboratory grade, purchased from the Chemetron
Company in cylinders containing 285 cu ft (STP).

9. Carbon Monoxide ~ Technical grade, purchased from the
Matheson Company in cylinders containing 285 cu ft (STP).

10. Ethylene —~ Laboratory gfade, purchased from the Matheson
Company in cylinders with a net weight of 4-1/2 1b. ' -

11. Ethane - Laboratory grade, purchased f;om the Mathe;on
Company in cylindérs with a net weight of 3 lbs.

12. Methane - Laboratory grade, puxchased from the Matheson
Company in cylindérs at 20Q0 psi and 40 cu ft (STR).

13. 1-3 Butadiene ~ Puxchased from the Matheson Company in
cylinders containing 2 1b net weight.

14, 3-Methyl Sulfolene — Purchased from the Phillips Petroleum

Company in 1 1b, containers,
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15. p — Aminophenyl Sulfone — Purchased from thejAldrich.Chemical
Company in 1Q0 gr. containers; purity 99% (mp 175-177°F).

16. Phenyl Sulfone - Purchased from the Aldrich.Chémical Company
in 100 gr. containers; purity 97% (mp 123—125°F):

17. 4,4 Sulfanyl Diphenol — Purchased from the Aldrich Chemical
Company in 100 gr; contafners, purity 98% (mp 245—247°F):

18. Tetrahydro — 3 — Thiophenamine 1,1 - Dioxide — Technical
grade, purchased from the Aldrich.Chgmical Cémpany"in 50 gr: containers
(bp 154°F).

19. 0il — Used in the o0il seal and oil manomefer was purchased
from Van Waters and Rogers (Pump oil). (Sg 0.97).

:_'20. Gas Mixtures - Gas mixtures are prepared as follows: an
adequate cylinder is evacuated using a vacuum pump. The cylinder is
pressured up with the solute to the required pressure. The diluent
gas is then added until the chosen pressure is reached. The cylinder
is placed close to a heater that is p;riodically turned on and 6ff to
accelerate the mixing process, for a least a weeks The mixtures so
prepared are found to be very uniform in composition. This gas

mixture is analyzed using a calibrated chromatograph.

B.  EXPERIMENTAL RPROCEDURE

(1) Calibration of Gds Chromatograph

The Porapak Q-S 6 feet column for analyses of S'OZ'/N2 mixtures was




Mettler precision balance (Semsitivity to 1 x 10

VIR W W) T 99 R R U O I )

L

“.33:%
calibrated as follous:

Samples of different sizes of pure SO2 and nitrogen“frém the
cylinder were taken with. a 0.5 cc precision syriﬁge (Precision Sampling
Corp) through a silicon rubber septum gounted on a low pressure
regulator (10 psig); Samplés were injectéed to the gas chromatograph for
analyses under the samé conditions of temperature and pressure -
(Pressure 25.3 in Hg, Temp; 24°C). The runs were repeaged several times
to insure reprodupibility, that was.found.to be very good. The SO2
and N2 peaks We£e then copied,dn_a Xerox copying machine and the
resulting peaks were cut off and their weight deterﬁined in a
—4 gr). This
calibration data appears in Figure IV-5 as a function of the product
peak weight x chromatograph attenuation. The chromatograph response
is quite linear. Straight lines were fitted to both the SOZland N2
using the least squares technique. The resulting equations were combined
to give an analytical expression of the yolume percent of SO2 as a
function of the S‘O2 peak area percent. This calibration cuxve is shown
in Figure IV-6, together with. the experimental points used.

The 9 ft. Porapak-N column for the analyses of COZ/H2 was

calibrated to determine only the absolute amount of C0, in a sample.

' CO2 samples were injected to the chromatogfaph_and photo copies were

made of the peaks obtained. The volume of the sample was plotted as

a function of the product peak weight x attenuation, as shown in




({CC)

SAMPLE VOLUME

050 T T T | T T T T 1 T T A T T
g/

0 45 /éé] /

TEMPERATURE 23:.5 °C

ATMOSPHERIC PRESSURE :
0 .40} R

2545 IN HG

0O SULFUR DIOXIDE

0.30} (8] ]
Y 03802300 s
0.25} /D
0.20} 0 i
¥ 2 0. 2BIHT7 X

0.15
010 f [o] A

7
0 05¢ o/

744
0
/d
O OO al ! Lkl [ 1 1 1 1 L 1 1 1 A L
0 ! 10 15

s AL

PEAK WEIGHT x ATTENUATION (GR)

FIGURE Iv-5.CALIBRATION OF GAS CHROMATOGRAPH
SAMPLE VOLUME VS. PEAK WEIGHT x ATTENUATION FOR
NITROGEN AND SULFUR DIOXIDE

20




(°/e)

SULFUR DIOXIDE VOLUME PERCENT

RO 10
100 T T T T T i | | |

90 | N
80 | y' - _0358391-X 4

0.5 - 0.001416" X'
70 / -
60 | 3
50 [ |
40 (o] .
30k ]
20 | ol
o
LOUE ,o/ i
e
O/O
o/
O i Il | 8 A ! = | I 1
0 100 BNt 30 a0 SQLLE0 " G 8T rwB0 F R0

SULFUR DIOXIDE AREA PERCENT (°/)
FIGURE IV -6.CALIBRATION CURVE FOR GAS CHROMATOGRAPH

AREA PERCENT OF SO, PEAK VS, SO VOLUME PERCENT




JL LUl

- .36 -
Figure IV-7. The paper used in the copies is Xerox.standard copying
paper (4024 Dual-purpose white;'75 g/mZ)L In this case iny\an
approximate analysis is péssible because the separation of H2 is
rather erratic for this system: The 002 percent is determined by

dividing the.cc obtained from the calibration curve by the volume of
. J

the sample that is subject to analysis.

(2) Calibration of Exhaust Gag Rotameter

This low flow rate rotameter was calibrated against a wet test
meter at room temperature (23.5°C). Corrections were made to account
for the increase in humidity of the gas. The calibration curve is

shown in Figure IV-8 together with the experimental data used.

(3) Membrane Manufacture

Membranes are made as follows:

A pyrex beaker is cleaned carefully and weighed in a Mettler
balance (sensitivity 1 x 10_4 gr). The membrane modifier and
vinylidene fluoride are added in appropriate amounts. The composition
of the membrane on a solvent free basis is determined b§~weight
differences. Dimethyl formamide is added in a rati& of 5.7 cc
dimethyl formamide/gr vinylidene ﬁluoride; The mixture is stirred
with a glass rod for about ten minutes./ The beaker is then tightly

covered with polyethylene film and placed in an oven at about 100°C

until complete dissolution is achieved. The films are then cast.on a
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9.5 # 5 x 3/16 in. glass plate by pouring the solution on the glass
plate and distributing it evenly by drawing a glass rod down the plate
with the rod resting on the masking tape. The glass plate is then
placed in a ventilated electrically heated oven to evaporate the solvent.
Membrane thickness is about one mil for three thicknesses of tape, and
about two mils for six thicknesses of tape. ?he drying time is
20 minutes at 110°C fqr one mil membraﬁes. For twé mil membranes, the
drying time is of 30 minutes at 125°C. Ventilation is providéd by
connecting a vacuum line to the ovén. The plate is cooled to room
temperature before stripping the film from the plaFe for mounting in

the test cell. The surface of the membrane that was in contact with

the glass plate is mounted facing the high pressure side of the cell.

(4) Operation Procedure

The following steps are followed before starting a permeation
experiment:

i) The membrane is mounted in the test cell and the pressure at
the high préssure sidé of the membrane, is increased to’
700 psig with nitroéen, to test for possible leaks. The
permeability coefficient for nitrogen is very low when using
vinylidene fluoride based membranes. A high flow rate
indicates a possible leak.

ii) The temperature of the cell is brought to the desired level
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by setting the temperature controller. Final adjustments
are made .using the permeation cell thermocouple and the
enclosure mercufy‘thermometer;
The pressure in the cell is brought to the desired level by
setting the back'éressure regulator and by opening the feed
micro-needle val&e to the flow rate of gas desired:
The system is allowed to run until no further change is
detected in the permeation rate or in the permeate or exhaust
gas compositions.

The permeate flow rate is measured and the permeate and

.. exhaust streams analyzed.
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EXPERIMENTAL "RESULTS 'AND DISCUSSION

A. ~ MEMBRANE MODIFIERS

(1) The Data

A

In order to ascertain the effect of the modifer conten£ in the
membrane permeation rate and sélectivity, the pseudo permeabilities
for 302 and N2 were deﬁermiﬁed using a 6:5%’302/Né mixture and
different compositi&ns of membranes. Room temperature was maintained
(about 24°C) and a pressure of'about 400 psié for all the runs. All

the membranes were 1 mil thick. The data are presented in Table V-l.

(2) Discussion

The following chemicals have been added to vinylidene fluoride
membranes in order to try to improve their permeation characteristics
with respect to SOZ:

— Sulfolene

3-Methyl sulfolene

p-Aminophenyl sulfone

Phenyl sulfone

4,4 Sulfonyl diphenol

Tetrahydro — 3 ~ Thiophenamine 1,1 - Dioxide

In Figure V-1, the pseudo-permeability coefficients of S0, are

2
shown as functions of the modifier weight percent on a solvent free
basis. It can be seen that the pseudo-permeability coefficients for

sulfolene/vinylidene fluoride membranes are about two orders of




TABLE V-1. EFFECT OF MODIFLERS IN THE PERFORMANCE OF
VINYLIDENE FLUROIDE MEMBRANES

Membrane Thickness: 1 npil Pl = 412.3 psia P2 = 12.36 psia
T
" Flux x 105 cc.cm/sec cmz.cme

. . Ve.Z  Temp %50, %50 cc(ggf) (CEZSeC)ﬂ XSéO7 T leOllo
No Modifier __Modif. °C Perm. Vent 72 2 2 -2

1 3-Methyl Sulfolene 5 24,4 79.50 6.28 2.39 617 .00733 | «790

2 3~Methyl Sulfolene 10 24, 81.37 5.89 10.2 2.34 0;0353 2.98

3 3-Methyl Sulfolene. 15 24.6 87.19 5.07 29,2 4,29 142 - 5.41

4 Nomne - 24.6 80.46 6.31 2.17 .527  0.00664 .675

5 DNone ~ 24,4 76.24 6.16 1.45 <452 0.00447 .579

6 3-Methyl Sulfolene 20 24,5- 86.82 5.53 35.54 5.39 <145 6.83

9 P-Aminophenyl Sulfone 3 23.5 72.89 5.53 1.284  .475 0.00455 .604
11 P-Aminophenyl Sulfone 7 23.9 78.67 5.67 1.63 442 0.00587 .562
12 Phenyl Sulfone 10 24.9  8l. 5.69 1.55  .364  0.00566  .462
14 Phenyl Sulfone 15 24,1 83.48 5.74 1.66 .+382 6.00612 417
16 4,4 Sulfonyl Diphenol 10 24,4 -77.18 5.55 / L.464  ,432  0.00538 «549
18 Sulfolene 10 25, 76.31 5.36 21.1.  6.55 0.0817 8.31
20 Sulfolene . 20 24,8 93.32 5.98 192, 13.7 719 17.4

21 Sulfolene 15 2&. 87.11 5.03 126, 18.6 .619 23.5

23 Tetrahydro—-3—
Thiophenamine 1,1
Dioxide - 15 25.2 65.90 5.44 3.22  1.72 0.0114 2,19

24 Sulfolene 10 25.7 84,49 5.09 . 17.7 3.25 0.0832 4.19
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magnitude greater than those of.tha other systemé; with the exception of
3-methyl sulfolene modified membranes, that ShOW‘COéffiCiéntS éf the
same order of magnitude; but still considerably lower than those
obtained with sulfolene membranes:

¢

In Figure V-2, the permeate and exhaust gas SO, concentrations have

2
been plotted as functions o the modifier content on a solvent free
basis. It can be seen that the 802 content in both, permeate and
exhaust streams, shows no big diffé&ences for all the .systems.
However, the highest concentration of SO2 in"the permeate was obtained
with sulfolene modified membranes. But even in the cases in which no
modifier was added, the selectivity with respect to 802 was still quite
high. This suggests that the solvént used (dimethyl formamide) is
itself a modifdier that giv;s the membrane some selectivity‘with respect
to SOZ' This effect is probably responsible, at least in part, for the
selectivity of other mgmbranes, and it may be more important in systems
of low pseudo—permeability coefficients,

What makes sulfolene the best modifier testéd, is the high permeate
flow rates obtained by its use, Beéause of this, a more detailed

inyestigation of the properties of the sulfolene/vinylidene fluoride

system has been carried out. The discussion of these results follows.
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B. EFFECT OF THE SULFOLENE CONTENT

1) The D;ta

In order to determine the efﬁect'of the caﬁceﬁtration of sulfolene
on the performance o% the mgmbrane for the N2/SOZ-sulfolene/vinylidene
fluoride system,permeation experiments at a pressure of about 500 psig
were made in the 0°C to 46°C ?emperature range; A 6;5% S‘OZ/N2 mi#ture
was used for all the runs:

All the membranes were 1 mil thick. The data are presented in

Table V-2,

(2) Discussion -

The pseudo—permeabiliiy coefficient of 802 increases with the
concentration of sulfolene in the membrane for all the temperatures
investigated, as shown in Figure V-3. These coefficients show also a
strong dependence on temperature, being higher at lower temperatures.

The pseudo-permeability coefficients for N2 were also determined
and are shown in Figure V-4, In this case, the coefficients do not
show a strong dependence on modifier concegtration in the membrane.
The higher values were obtained at higher temperatures. Tt can be
seen from Figure V-3 that the higher the’éﬁlfolene content in the
membrane the hiéher the S0, pseudo«permeaﬁility‘coéfficient. But it
was found that membranes with higher sulfolene contents were prone to

developing leaks. A 25Z sulfol%né 1 mil thick membrane was extremely

1




TABLE V-2. EFFECT OF THE SULFOLENE CONTENT IN THE

PERFORMANCE OF VINYLDENE FLUROIDE MEMBRANES

Membrane Ihickness: 1 mil, 3 T 9

Flux x %0 cc.cmé;e;icm
I%Er.l Sﬁ;;fene TEISP. Pl(pSla) ’PZ(PSia) PZiI?lz Vznioz cccggz) / - EZ‘C SO§108 NEXlog
25-1 15, 0.0 410.3 12.347 78.81 3.21 261 0.070 3.72 0.087
25-2 15. 22.0 406.3 l2.351 61.71 4,50 214 .133 .986 .170
25-3 15, 35.5 406.3 12,351 50.19 4,65 .178 177 .691 .228
25-4 15. 46.5 406.3 12.354 41,09 4,72 .157 225 546 .291
26—1 20. 0.0 410.3 12,354 80.81 3.11 ;461 .109° 8.165 .136
26-2 20. 22.5 410.3 12.351 65.43 4,08 .273 144 1,55 - W.182 .
28-1 17.50 0.0 410.3 12.361 - 82.62 3.3Q . 360 -0.076 5.331 0.094
28-2 17.50 22.7  410.3  12.351  66.72 4.3l .229 JA14 1,191 144
28-3 17.50 32.5 414.3 12,351 59.953 - 4,21 .184 .123 2900 <154
28-4  17.50 43.0 414.3 12.351 50.30 4,23 .160 .158 .694 .198
30-1 10. 0.0 414.3 12.372 80.61 . 3.71 '.303 .730 2.77 0.090
30-2  10. 22.0 414.3 12.372 60.13 - 4,65 .168 +111 .699 140
30-3 lO.» 33.0 416.5 12.528 39.12 4.92 .128 .199 404 .252
30-4 10. 43.50 417.4

12.498 30.03 5.09 .120 .280 <337 .355
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difficult to make. Eyen with.the 20% sulfolene membrane some problems
were encountered; especially at. higher temperatures{ .It was also found
that an 18% sulfolene membrane could be made without much tr&uble aﬁd
that its performance was quite consistent: It was further found that
increasing the thickness of.the membrane to 2 mils; the membrane was
more durable and that the reproducibility'of the results was improvyed,
increasing at the same time the performance of the membrane.

It was decided to study in more detail these improved sulfolene

membranes,

C. PERMEABILITY COEFFICILENTS FOR SULFUR DIOXIDE i

(1) The Data

The permeability coefficients for éOz were determined in the 0°C
to 55°C temperature range and in the pressure range. of 1 psig to about
40 psig.. The membrane used contained 18 wtZ% sulfolene on a’solvent free
basis and had a thickness of 2 mils. The data are presented in

Table V-3.

(2) Discussion

The permeability coefficient - of 502 shows a strong dependence on
both, temperature and pressure, as shown in Figure V~5, The coefficient
increases with. decreasing temperature and with increasing pressure.

The maximum value, P = 0,518 x 10_6 cc(STE),cm/sec.cmz.cmHg, was

obtained at the highest pressure tested for the lowest temperature runs
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TABLE V-3, PERMEABTLITY. COEFFICIENTS FOR SULFUR DIOXIDE

Sulfoleqe in Membrane: 18 wt.j% Thickness: 2 mils.
T P P Fiux CSCSTg)cm/
Run . Temp. 71 2. ce (STP)/ ) :
No, °c (psia) (psia) cmé_sec | .Sec.cm CmHg
35-1 0.0 13.3  12.36 ) 207 x 1078
35-2 0.0 13.9 12.36 - .235 x 107°
35-3 0.0 14,4 12.37 ) . .249 x 107°
35-4 0.0 14.9 12.37 .268 x 1070
35-5 0.0 - 15.3 12.37 .279 x 107°
35-6 0.0 15.9 12.37 1,295 x 107°
35-7 0.0 16.3 12.38 ".314 x 1070
35-8 0.0 16.9 12,38 .341 x 107°
35-9 0.0 - 17.5 12.38  .362 x 107°
35-10 0.0 17.8 12.38 .376 x 1070
35-11 0.0 18.4 12.39 405 x 1070
35-12 0.0 ©  19.0. 12.42° 441 x 1078
35-13 0.0 19.6. 12,42 472 x 1070
35-14 0.0 19.8 12.42 486 x 1070
35-15 0.0 20.3 12.43 . ' .518 x 1070
40-1 14.5 13.3 12.30 475 x 107 452 x 1077
40-2 14.5 14.3 12.30 112 x 1072 .556 x 1077
40-3 14.5 15.3 12.30 .197 x 1073 .637 x 107/
404 14.5 16.3 12.30 .285 x 107> .694 x 107/
40-5 14.5 17,3 12,31 .396 x 1072 .780 x 107/
40-6 14,5 18,2 12,31 .524 x 1070 . .869 x 107/
40-7  14.5 19.4 . 12,32 ,706 x 107,986 x 107/
40.8 14.5 20.3 12,32 . - .884 x 1070 . .108 x 107°
40-9 145 21,2 . 12.32..  .106'x 107% 117 x 10":
2 -

40-10 14.5 22.2 . 12.32 J124 x 10 124 x 10
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. TABLE V-3 (Cont).

_ ‘ P

O 2 clc?_lzfg_}fm/ Seerienl
No. °C (Psia) (Psia) cm sec : - i CmHg

40-11 14.5 23.3 . 12,32 .151 x 1072 ,136 x 107
40-12 14.5 26,2 .7 12,33 . 173 x 1002 143 x 1070
40-13 14.5 25.6 12,33 .215x 1072 .160 x 107°
40~14 14.5 27.6 12,33 .282 x 1072 ,182 x 107°
40-15 14.5 29.6 12,33 .362 x 1072 ,207 x 107°
40-16 14.5 31.6 12,34 460 x 1072 .235 x 1070
41-1 25.1 14.5 12,51 .260 x 10°% . .126 x 107/
41-2 25.1 16.4 12,51 .620 x 107%  .156 x 107/
41-3 25.1 18.6 12,51 .121 x 107> ,195 x 107/
414 25.1 20.5 12,51  .186 x 107> .229 x 10/
41-5 25.1 '22.6 12.52  .286 x 107 .280 x 107/
41-6 25.1 - 24.4 12,52 .397 x 1070 .328 x 107/
41-7 25.1 26.8 12,52 .59 x 107> 411 x 107/
41-8 25.1 28.7 12.53  .785 x 10°° . .478 x 107/
41-9 25.1 30.7 12,53 .105 x 107> .569 x 107/
41-10 25.1 32.7 12,53 131 x 1070 .64l x 107/
41-11 25,1 34.9 12,53 .170 x 1002 .750 x 107/
41-12 25.1 36.8 12.53  .211 x 1072 .856 x 10
41-13 25.1 38.9 12,53 .266 x 1072 .992 x 107/
41-14 25.1 40.8  12.54  .324 x 1072 113 x 1070
41~15 25,1 42.9 12,54 .397 x 1072 .129 x 107°
41-16 25.1 44.9 12,55 478 x 1072 145 x 1070
41-17  25.1 46,9 12,55 , .560 x 1072 .160 x 107°
41-18 25.1 48.7 12,55 .653x 1072 ,178 x 1070
4.1 35.0 16.5 12,41 <371 x'lo’i .885 x 10"3

42-2 35.0 20.5 12.41 .104 x 10 127 x 10
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. TABLE V-3 (Cont).

F , R ,
Run Temp I?l P2 cci(?l‘})/ : s .:z:(‘iTP) c}n/
No. °C (Psia) (Psia) cm_sec. " I cmH‘g
42-3 35.0 2604 . 12,41 .200 x 1072 .164 x 107
42-4 35.0 28.7 12.52 .362 x 1073 ©.220 x 107/
42-5 35.0  "32.8 - 12.52  .583x 1070 .283 x 1077
42-6 35.0 36.8 12,53 .871 x 1073 .353 x 107/
42-7 35.0  41.8 12.53  .146 x 1072 .489 x 107/
42-8 35,0 47.7 12.54 . .205 x 1072 .608 x 107/
42-9 35.0 49.5 12,47 . .259 x 1072 .688 x 10~/
b1 45.8 16.3 12,40  .293 x 1074 .733 x 1078
b2 45.9 22.5 12.40  .105 x 1072 .102 x 107/
44=3 4509 27.7 12.40 . .199 x 1073 127 x 1077
bt 46.1 32,6 12.40  .314 x 1073 .152 x 107/
445 45.8 37.5  12.40  .489 x 1073 .191 x 1077
blimt 45.9 42.3 12.41  .718 x 1073 .236 x 1077
447 45.9 49.9 12.41 128 x 1072 .335 x 107/
45-1 55.0 17.3 12.39  ..354 x 107% .703 x 1078
452 55.0 22.6 12.40 ,";891 x 1074 .859 x 107°
45-3 55.0 27.4 12.40 = 154 x 107 1100 x 107/
454 55.0 32.4 12,40 .235 x 107> 115 x 1077
45-5 55.0 37.9 . 12,40  -349 x 107° 134 x 1077
45-6 55.0 42.3 12.4Q 471 x 1073 154 x 1077
45-7 55.0 50,0 12.41 761 x 107> .199 x 107/

U A
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(about 8 psig and Q°C); In Figure V-6 selected yalues éxtracted'f%om
Figure V-5 are plottéd as funcfions of the reciprocal yalue 6f the
absolute temperature, keeping the pressure differential acrogs the
membrane as a parameter: Again; the permeabilfty coefficient shows a
highly non linear dependéncé on pressure and temperature; and “an
Arrhenius—type relationship; typical of other permeation systems; is
not suitable to cofrelate the data iﬁ_this case;

The behavior of the_SOZ—Sulfolene/Vinylidene Fluoride system can
probably be explained in terms of the solubility and diffusivity of
802 in the membrane. The solubility of the gas or wvapor in a solid or
liquid increases with lower temperatures. On the other hand, the
diffusivity generally decreases with decreasing temperature. Depending
on how strongly the solﬁbility and éiffusivity depend on.temperature,
the permeability coefficient, that is the product of both, will follow
either the solubility or diffusivity behavior with respect to temper—
ature. Thus, it is possible to speak of “solubility controlled" or
"diffusivity controlled“ permeation processes. According to
Figure V-5, the permeation of 802 through sulfolene modified &inylidene
fluoride membranes appears to be a "solubility controlled"“ permeation
proceés. While lowering the temperature, the effect of the decrease of
the 802 diffusiyity in the membrane is more than compensated by the

increase of SO2 cancentration, the net effect being an Increase of

-

permeate flux and of the permeability coefficient. There ‘is also the
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possibility of the diffusiyity increasing with incréased sorbed gas
concentration. This effect that has been demonstrated by Stannet et al
(14).' In‘theif work organic yapors of'methyl Bromide;‘isobutylene;
benzene and n<hexane were used; The increase of diffusiyity with the
sorbed gas concéntration is.considered due largely to the plasticizing
effect of the solute on thé membrane;

The pressure dependence of the permeability coefficient can
probably be explained in terms of a pressure depéndent solubility of
802 in the membrane. Also the increase of sorbedvéas~concentration
with pressure can result In an increase of the diffusivity due to the
plasticizing effect of the penetrant on thé membrane.

The effect of pressure on the permeability coefficient shown in

Figure V-5 may be accounted for by the exponential equation

2 :
P = Poe(klPl + kQPl) for temperatures up to 35°C., TFor higher

temperatures, the system behaves more "ideally" and an exponential
equation P = PoeklPl describes the pressure dependence of the

permeability coefficient.

D.  PERMEABILITY COEFFLCLENTS FOR NITRQGEN, CARBON MONOXIDE AND ARGON

(1) The Data

The. permeability.coefficients for N2 and CO were determined in
the 0°C to 55°C temperature range and in the pressure range of about

200 psig to 700 psig. The coefficients for argon were only determined
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in the 400 psig to 700 psig pressure range and at Q°C.. The membrane
used contained 18 wt% sulfolene .on a solvent free basis and had a

thickness of 2 mils. The data are presented in Table V~4 to Table V-6,

(2) 'Discussion

The permeability‘coéfficient fo£ N,, CO and Ar were found to be
independent of pressure;as shown in Figure V-7 to Figure V-9, The
coefficients for Né and CO Increase with temperature: Im Figure V—éA
selected values extracted from Figure V-7 and Figure V-8 were plotted

as functions of the reciprocal value of the absolute temperatures.

v

It can be seen that an exponential expression of the form P=P0;a'“kl/T

can be used to correlate the data for nitrogen and carbqn monoxide,

The permeability coefficients fof.tﬂe.three'éases studied are extremely
low, especially at lower temperature;. This is probably due to the

high crystallinity degree of the vinylidene fluoride resin and to low
solubilities of the gases in sulfolene, The temperature function of

the permeability coefficients, that follows an Arrheniés—type expreésion,
is probably determined by the diffusivity dependence on temperature.

The permeation processes for these gases seem to be diffusiyity

controlled. Plasticizing effects due to the concentration of penetrant

in the membrane are not apparent. The systems behaye ideally.
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. TABLE V-4, PERMEABILITY COEFFLCIENTS FOR NITROGEN

Sulfolene in Membrane: 18 wt.% Thickness: 2 miis.

P

Run Temp. £y %2 CEEE;E)/ C?'EC(STP)/
No ' °C (Psia) = (Psia) cmsec. ..sec.cm .cmHg

53-1 0.0 702.5  12.53 - .143 x 107 .203 x 1072t
53-2 0.0 605.5 12.53 124 x 107 .205 x 1071
53-3 0.0 500.5  12.53 . .98 x 107° 194 x 1071
53-4 0.0 412.5 12.52 - .957 x 1070 .235 x 1071%
541 15.0 711.4 12,48 .455 x 1070 .639 x 10711
542 15.0 612.4 12,49 .393 x 107> 644 x 10711
54-3 15.0 513.4  12.49 © .329 x 1077 645 x 10711
544 15.0 412.4 12,49 .240 x 10700 .590 x 10 Lt
55-1 25.0 720.4 12,44 .670 x 1070 .930 x 10711
55-2 25.0 615.4  12.44  .592 x 107° .965 x 10711
55-3 25.0 514.4 12,44 J476 x 1077 .932 x 107
554 25.0' 413.4 12,43 .348 x 107° .852 x 1071t
55-5 25.0 310.4  12.43 .28l x 107° 925 x 1071t
56-1 35.0 717.5  12.53 . .107 x 107° .149 x 10710
56-2 35.0 613.5 12,53 .962 x 107 157 x 10710
56-3 35,0 505.5  12.53  .783 x 107° .156 x 100
56-4 35.0 406.5  12.52  .608 x 107,152 x 10710
56-5 35.0 . 315.5 12,52 468 x 1070 .152 x 10710
57-1 45.0 727.3  12.39 197 x 107% 271 x 10720
57-2 45.0 ©  618.3 12,39 .17l x 107 .277 x 10720
573 45.0 515.3 . 12,39 .138 x 107 .270 x 10710
s57-4 45,0 412,3 12,39 .108x 1070 ,265 x 10720
57-5 45.0 313.3 12,39 .760 x 107,248 x 1070
576 45.0 209.3 12,38 545 x 107° 272 x 10710
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. TABLE V-4 (Cont).

-\.

k!

£

. Flux P

Run Temp. El PZ : CCCST?2[ : - cmrcc(STP)/
No. °C (Psia) (Psia) cmsec. - Sec.cm .cmHg

58-1 55.0 722.3 . 12.39 201 x 107% 403 x 10710
58-2 55.0 614.3 .  12.39 .248 x 107% 404 x 10710
58-3 55.0 512.3  12.40 204 x 1074 . .401 x 10710
584 55.0 413.3  12.39 164 x 107 .403 x 10710
58-5 55.0 310.3  12.39 122 x 1074 403 x 10710
58-6 55.0 107> 405 x 10720

213.3 12.39 .828 x
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. TABLE V-5, PERMEABILITY COEFFICIENTS FOR CARBON

MONOXIDE
Sulfolene in Membrane: 18 wt.% “  Thickness: 2 fiils
) P
Rum Temp . Pl ' . P2 : cgigzP)/ 5 Qm.cg(STP)/
No. °C __(Psia) ~ (Psia) cm_sec, ' seq.cm..cmHg
59-1 0.0 727.3  12.40  .173 x 1070 .238 x 1070
59-2 0.0 622.3 12,40  .139 x 1070 .224 x 107
59-3 0.0 515.3 - 12,40 .115 x 107 224 x 10711
59-4 0.0 420.3 12,40  .954 x 107° .230 x 1071t
60-1 15.0 715.4  12.46 435 x 107° .608 x 10711
60~2 15.0 616.4 12.46  .357 x 1070 .581 x 1071
60-3 15.0  © 510.4  12.46  .284 x 107> (561 x 1071t
604 15.0 420.4  12.46 244 x 1077 .587 x 1071
61-1 25.0 717.4 12.49 .790 x 107> 110 x 10710
61-2 25.0 616.4  12.49-  .705 x 107° 115 x 10710
61-3 25.0 522.4 12,49  .695 x 107° 134 x 10710
61-4 25.0 412.4 12,49 544 x 107° 134 x 10710
61-5 25.0 317.4 12,49 .392 x 10> .126 x 1070
62-1 35.0 720.4  12.49  .187 x 10°° .259 x 10710
62-2 35.0 611.4  12.49  .157 x 10°% .257 x 10720
62=3 . 35.0 514.4 12.49 .131 x 107 .257 x 10710
624 35.0 419.4 12,49 106 x 107%  .256 x 10710
62-5 35.0 312.4 12,49 .826 x 10°° .270 x 10710
62-6 35.0 2144 12,49 515 x 1077 .250 % 10710
63-1 45.0 718.5 12,54 246 x 1070 .342 x 1070
63-2  45.0  622,5  12.54 216 x 10%  .348 x 1020
63-3 45.0  524.5  12.54°  .182 x 107% .349 x 10710
634 45.0 420.5  12.54  .140 x.107% 339 x 1070
63-5 45.0 312.5  12.54  .102 x 107 .335 x 1070
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. TABLE V-5 (Cont). : ’

WA

o Flux P

Run Temp; : El RS CcchP)( o Cm.cg(STP)/
No. °C (Psia) (Psia). cm_sec. ?ec.cm '?mHé

63-5 45.0 214.5 . 12.54 725 x 1077 .353 x 10710
64-1 5.0 7145 12.55 354 x 1000 495 x 1070
642 55.0 622.5  12.54  .314x 1000 506 x 10720
64-3 55.0 520.5  12.54 262 x 1074 .506 x 107 *0
64—t 55.0 414.5  12.54  .204 x 107,500 x 10720
645 55.0 316.5  12.53 .156 x 107 .505 x 10710
645 55.0 217.5  12.53 110 x 107% .526 x 100
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. TABLE V-6, PERMEABILITY COLFFICIENTS FOR ARGON
Sulfolene in Membrane: 18 wt.Z Thick_riess:. 2 mils-
Flux : P
' 3 P. cc(stRy/. - CmrecSTR)/
Run Temp. B 1 - .2 ’ sec.cm” . cmH
No °C " (Psia) (BPsia) cm sec. i g
46-1 0.0 692.4 °  12.45  .128 x 10> .185 x 1071t
46-2 0.0 612.4 12,44  .107 x 10> .175 x 107
46-3 0.0 518.4 . 12.45 .909 x 1070 177 % 1071t
b6t 0.0 416.4  12.44 .768 x 107° .187 x 10711
46-5 0.0 313.4 12.44 .581 x 10f6 : .190 x 10+t
-
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E. PERMEABILITY COEFFICIENTS FOR CARBON DIOXIDE

(1) The' Data

The permeability coefficients for carbon dioiide ﬁere determined
in the 0°C to 55°C temperature range; and in the pressure range of
about 100 psig to 700 psig.'.The membrane used contained 18 wt?
sulfolene on a solvent free basis aﬁd had a thiékness of 2 mils; The

‘

data are presented in Table V-7.

(2) 'Discussion

{

The permeability coefficients for carbon dioxide show a strong
dependence on both, temperature and pressure, as shown in Figure V-10.
Selected values extracted from Figu?e V-10 are plotted in Figure V-11
as fﬁnctions of the reciprocal values of the absolute temperatures,
keeping the pressure differential as a parameter. Again, the pressure
and temperature dependence follow a rather complex pattern. The data
may be correlated by exponential expressions of the form
p=p et ? kP, . -

In general, the coefficients are one order of magnitude lower than
those of SOZ’ but still about two orders of magnitude higher than those
of the N,, €O, Ar group. The highest vaiue,.P = 0,4 x 10“8 cc(STR) .
cm/sec.cmzcmHg, was obtained at 15,1°C and 681 psia,

The behavior of the COz—sulfolene[Vinylidenexfluoride system can .

probably be explained in terms of the solubility and diffusivity of

~

VS (R S
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PERMEABILITY COEFFLCIENTS

DIOXIDE

Sulfolene in Membrane: 18 wt. %

JFOR CAREON

Thickﬁess:' é Mils

Flux P —
Run Temp. SR B PC(gTE)K R
No, _°c " (Psia) (Psia) cm sec, s§c.cmr.cmHg
47-1 0.0 474.3.  12.3% 126 x 1072 .269 x 10°0
47-2 0.0 409.3 °  12.33  .814 x 107 .201 x 107°
47-3 0.0  362.3  12.33.  .517 x 100 145 x 107°
474 0.0 30,3  12.33  .309 x 107> ,102 x 107°
47-5 0.0 262.3  12.33  .170 x 1070 .667 x 1077
47-6 0.0 208.3  12.32  .802 x 107" | .402 x 107
47-7 0.0 159.3 © 12,32 .38 x 107¢ © ,219 x 1077
47-8 0.0 110.3 12,32 11 x 107% 111 x 1070
48-1 15.1 681.3  12.34  .277 x 107 .407 x 1070
48-2 15.1 635.3  12.33  .240 x 1072 379 x 1070
48-3 15.1 583.3 12.33 .191 x 1072 .329 x 1070
48-4 15.1 509.3 12.33 .129 x 1072 . .255 x 1078
48-5 15.1 461.3  12.33  .935x 100,204 x 10°°
48-6 15.1 412.3  12.33  .653 x 1070 -.160 x 1070
48-7 15:1  361.3.  12.32 423 x 1073 119 x 1078
48-8 15.1 312.3 12,32 .267 x 107> .874 x 1077
48-9 15.1 262.3 12,32 .160 x 107> .630 x 1077
48-10 15.1 212.3 12,31 .939 x 107" .462 x 1070
48-11 15.1 - 114.3 12,31 .252 x 107%  .243 x 1077
49-1 25.0 714,3 . 12,34 . 231 x 107,323 x 107
49-2 .. 25.0 668.3 12,3  .197 x 107,295 x 10°°
49-3  25.0  615.3 12,33,  .163x 1070 . ,266 x 107
494 25.0 565.3°  12.33.  .130 x 107 .231 x 1070
49-5 25.0 512.3 12,33 .992 x 107,195 x 107
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TABLE V-7 (Cont), .

: B
Run Temp. LBy LBy cfi(lslsél’)/ CI,n,'.CC(“STE.)_/
No. °C (Psia) ~ (Psia) cmsec, ~Sec.cm .‘cmHg
49-6 25,0 409.3 12,33 540 x 1070 134 x 1078
49-7 25.0 309.3 12,32 . 268 x 107> 885 x 1077
49-8 25.0 212.3 12.32 110 x 1073 541 x 1070
49~-9 25.0 112.3  12.31 .338 x 1074 .332 x 1077
50-1 35.0 702.3  12.38  .193 x 107,275 x 107°
50-2 35.0 665.3  12.38 172 x 1072 .259 x 1078
50-3 35.0 615.3 12,38 147 x 1072 .239 x 1078
504 35.0 565.3  12.38 .118 x 1072 .209 x 1078
50-5 35.0 509.3 12.38.  .932 x 107 .184 x 1078
50-6 35.0 417.3  12.37 .584 x 1073 142 x 1078
507 ©35.0 310.3  12.37 .303 x 107> 1,000 x 1072
50-8 35.0 . 212.3 12.37 117 x 1073 .577 x 1070
50=9 35.0 112.3  12.36 .439 x 107 431 x 1077
51-1 44,8 712.3 12.39 .199 x 1072 280 x 107°
51-2 4.8 665.3  12.39 .167 x 1072 .251 x 1078
51-3 44.8 610.3  12.38  .143 x 107> .235 x 1078
514 44.8 564.3  12.38 .121 %1072 .215 x 1078
51-5 44.8 516.3  12.38 .975 x 1072 .190 x 1070
51-6 44.8 415.3  12.38 .600 x 1073 146 x 1078
51-7 44.8  312.3. 12,37 .338 x 10,110 x 10-8
51-8 44.8 212.3 12,37 164 x 107 .805 x 1072
51-9 44.8 111.3 12,37 .627 x 107 622 x 1077
52-1 55.0 722.3 12,39 199 x 107° 275 x 107°
52-2 55.0 659.3 12,38 .165x 100,250 x 1070
52-3 55.0 615.3 12.38 . .145 x 1072 . 236 x 1078
524 55.0 515.3 . 12.38 .990 x 1072 .193 x 1070
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. TABLE Yy-7 (Cont).

. Flux ec (572 /
Run Temp. }?l _ P2 ”CCZCSTP.)./ cm.;,c.
No. °C (Psia) (Psia) cm’ sec. sec.cm” . coll
52-5 55.0 417.3 © 12.38 .672 x 107 .163 x 107
52-6 55,0  322.3  12.37  .416 x 1070 .132 x 107°
52-7 5.0 215.3  12.37  .211 x 107> .102 x 1070
52-8 55.0 122.3 12,37 .752x 107%  .740 x 1077
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002 in the membrane, Tbe permeability coefficient is a:highly nonlinear
function of pressure, especially at lower tempera&ures, Which"may
be due to a strong dependence of the solubility on préssure aﬁd to the
plasticizing effect associgted with the higher conceﬁtraﬁion of sorbed
gas in the membrane; whichf£ends to increase the diffusivity:‘ As the
pressure decreases, the concentration of the penetrant decreases
together with the plasticizing ‘effect associafed“with.it: Because of
this combined mechanism, the permeability coefficient drop could be
quite drastic, as appears in Figure V-10. At highér temperatures, the
pressure dependence of the permeability coefficient, even though it
shows the same trend, is not as strong. This may be due to the fact
that the solubility and the coupled plasticizing effect diminish with
temperature, while there may be a considerable increase in the
diffusivity with the increasing temperature. The net effect is a.milder
dependence of the permeability coefficient on the pressure, especially
at low pressures, where the effect of the inéreasing diffusivity ig
straonger than the effect of the decreasing Sélubility. Thus, at low
éressure, a net increase in permeability coefficients is achieyed with
increasing temperatures. At higher pressuyxe, the effect of the
solubility (apparently a strong function of pressure) is predominant
and an increase in temperature causes a decréase in the permeability

coefficients. Therefore, it appears that the system under investigation

shows a mixed behavior, fs diffusivity controlled at low pressures, and




I T W M =

3

£

- 75 -
solubility controlled at higher'pressures: for the range of temperatures
studied. This explains thé Intersections of the e%perimental curves
shown in Figure V-10.and the rather compleﬁ patterin shown in Figure V-11

where the permeability coefficfents shows minima for some temperatures.

~

F. =~ PERMEABILITY COEFFLCIENT FOR- OXYGEN HYDROGEN METHANE ETHANE
ETHYLENE, '1—3 'BUTADIENE"

(1) The‘Data

The permeability coefficients for o%ygen and ethylene were
determined in the Q°C to 55°C temperature range, and In the 200 psig to
700 psig pressure range: For hydrogen; methane and ethane the temper—
atures and pressure ranges considered were aﬁout 15°C to 55°C and
200 psig to 700 psig respectively. For 1-3 Butadiene the temﬁerature
range considered was 38°C to 55°C with a pressure range of 10 psig to
about 30 psig. The data are presented in Table V-8 to Table V-13.

The membrane used contained 18 wt% solfolene on a solvent free basis

and had a thickness of 2 mils. ,

(2) Discussion

The permeability coefficients for all the‘gases in this group
are pressure dependent, as shown in Figure V<12 to Figure V~17.
\
Selected values extracted from these figures are plotted in Figure V-18
to Figure V-22. as functibns of the reciprocal values of the absolute

temperatures, keeping the pressure differential across the membrane

as a parameter.
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PERMEABILITY COEFFILCIENTS

TABLE J-8. FOR OXYGEN

Sulfolene in Membrane: 18 wt.? Thickness: 2 mils.
: :Flu% P

Run Temp. Pl P2 & ccéSTE)/ Sé:mécg(iiz)/
No. °c_-- (Psia)’ (Psia c .cm sec, ' o
65-1 0.0 715.3 12135 .215 x 107 300 x 1071
65-2 0.0 613.3  12.35  .177 x 100,290 x 1071
65-3 0.0 511.3 12,35 (115 x 1070 ,226 x 107 3%
65-4 0.0 412.3 12,35 .760 x 107° 187 x 10t
66-1 15.0 719.3  12.38  .667 x 1070 ,928 x 10711
66-2 15.0 622.3 12,38 .550 x 10 _  .886 x 1071
66-3 15.0 515.3 12,38 . 401 x 100,784 x 107t
664 15.0 400.3 12,37 .261 x 1070 .662 x 10 °%
66-5 15.0 3153 12.38  .183 x 1070 _  .593 x 107
67-1 25.0 707.3  12.38  .104 x 1070 .148 x 10720
67.2 25.0  611.3°  12.38  .825 x 1070 .135 x 10720
67-3 25.0 . 515.3 12,38 .671L x 1070 .131 x 1010
67-4 25.0 4223  12.38 481 x 107,115 x 1070
67-5  25.0 312.3  12.38  .322x 10,105 x 1070
67-6 25.0 212.3 12,38 .209 x 1070 .103 x 10”20
68-1 35.0 722.3  12.38 .19 x 107¢  .268 x 1070
6802 35.0-  615,3 12,38 148 x 107% 241 x 10710
68-3 35.0 514.3 12,38 120 x 10 ¢ .235 x 1070
684 35.0 410,3 12,38  .933x 107> 230 x 10720
685 35.0 316.3 . 12,38 749 x 100 .242 x 10720
68-6 35.0 ,214,3 12,38 412 x 107,200 x 10720
69-1 45.0 714.3  12.35 .326.% 107 .456 x 10720
69-2 45.0 614.3  12.35  .262x 107%  ,428.x 1070
693 45.0 518.3° 12,35 . 214 % 107° 415 x 10720

P VRPN
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. TABLE V-8 (Cont).

NN}

. Flug 3 .
Run Templ R B, FCCgTEIK X gm.gp(STP>/
No. °C (Rsia) ~ (PRsfa) cm sec, ' éec.cm -cmit,
69-4 45.0 414.3 . 12.35  .155x 10" 378 x 10720
69-5 45.0 312.3 1235 L115x 100,376 x 10720
69-6 45.0 210.3 12,35  .670 x 1070 .333 x 1070
70-1 55.0 722.3  12.35  .537 x 1070 .743 x10720
70-2 55.0 612.3  12.35 428 x 1074 700 x 10710
70-3 5.0 519.3 12,35 ..339 x 107%  .656 x 10720
70~4 55.0 415.3 12,35 (258 x 107 .630 x 10720
70-5 55.0 312.3  12.35  .178 x 10°¢  .582 x 1070
70-6" 55.0 208.3  12.35 .108 x 107 .554 x 10710
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- TABLE V-9. PERMEABILITY COEFFICLENTS FOR HYDROGEN

Sulfolene in Membrane: 18 wt., 7% Thickness: 2 mils,
Flux F
Run Temp; “Pl “PZ .o QC(STE)/ “cm.CCESTP)/
No. °C " (Psia) = (Psia) cmzsec. sec.cm le:I_g
93-1 11.0 727.5 12,54 .119 x 1077 164 x 10710
93-2 11.0 727.5  12.54  .121 x 107% 166 x 1070
93-3 11.0 614.5 12,54  .793x 107 129 x 1070
93-5 11.0 614.5  12.54  .816 x 1070  .132 x 10720
93-5 11.0 512.5 12,54 .559 x 1070 110 x 10720
93-6 11.0 512.5  12.54  .565x 1070 111 x 1070
93-7 11.0 412.5 12.54 423 x 1077 .104 x 10710
93-8 11.0 412.5 12,54 .373x 100,916 x 1071
93-9 11.0 412.5  12.54  .359 x 1070 .882 x 1071T
493-10 11.0 412.5  12.54 .352 x 107 .865 x 107+t
94-1 15.0 720.5  12.50 3136 x'107%  .189 x 10 0
94-2 15.0 720.5  12.59 140 x 1070 L1094 x 10710
94-3 15.0 613.5  12.50  .992 x 107%  ,162 x 10720
944 15.0 613.5  12.59  .100 x 107¢  .164 x 1070
94-5 15.0 510.5  12.59 .83l x 107°  .164 x 107-C
946 15.0 510.5  12.59 . .799 x 1070 157 x 10720
947 15.0 510.5  12.59  .785 x 1070 .155 x 107¢
94~8 15.0 412,5 12,59 .608 x 107> .147 x 10710
94-9 15.0 412,5 12,59 .585 x 1070 143 x 1070
95-1 25.0 720,5 12,59 318 x 1070 442.x 10720
95-2 25.0 720.5 12,50 .323 x 1070 449 x 1070
95-3 25.0 615.5 12,59  .266 x 107%  .433 x 1070
95-4 25.0 615.5 12,59  .268 x 1070 436 x 1070
95-5 25.0 510.5  12.59  .201 x-107%  .397 x 10720
956 25.0 510.5  12.59  .202 x 10%  .399 x 1020
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V-9 (Cont).
: * Flux ~cm?cc(STP)/

Run Temp - Pl - EZ “cczCSTPl/ . 2

No °C (Bsia) . (Psia) — _em'sec,’ - Bec.om .cmil
95-7 25,07 408.5  12.59 © .116 x 107" ,289 x 107"
95-8 25.0 408.5 12.59 116 x 107,287 x 10720
95-9 25.0 408.5 12,59 .115x 107¢ 286 x 10720
96-1 35.0 727.5  12.60  .616 x 107¢ - .847 x 10720
96-2 35.0 727.5. 12,60  .613 x 107% | 843 x 10710
96-3 35.0 727.5  12.60  .616 x 10°° .847 x 10710
96-4 35.0 614.5 12,60  .482 x 107*  .787 x 10710
96-5 35.0 614.5  12.60  .480 x 1070 .799 x 10720
96-6 35.0 614.5  12.60 465 x 107 .759 x 10710
96-7 35.0 509.5  12.60  .358 x 10+ .707 x 1070
96-8 35.0 509.5  12.60 .368 x 107% .727 x 10710
96-9 35.0 509.5  12.60  .366 x 107 .723 x 10710
96-10 35:0 407.5  12.60  .238 x 10°°  .591 x 107%0
96-11 35.0 407.5  12.60  .227 x 10°* 566 x 10710
96-12  35.0 407.5°  12.60  .231 x 1070 .576 x 10 %C
96-13 35.0 312.5 12,60  .145 x 107%  .474 x 10720
96-14 35.0 312.5  12.60  .148 x 107%  .484 x 10720
96-15 35.0 312.5  12.60 (145 x 107 474 x 10710
97-1 45.0 732.3 12,38 113 x 107,155 x 1070
97-2 45.0 732.3  12.38  .117 x 1070 .160 x 107
97-3 45.0 732.3 12,38 114 x 107,156 x 1070
97-4 45.0 614.3 . 12.38  .953 x 10*°  .155 x 107
97-5 45.0 614.3'. 12,38.  ,918 x 107" .150 x 107
97-6 ' 45.0 6143 12,38 945 x 100 .154 x. 107
97-7 45.0 614.3 12,38 942 x 107" 154 x 107
97-8 45.0 510.3 12.38 .660 x 1074 ,130 x 1072
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TABLE V-9 (Cont).

4

: i P

Run _Temp - El ~f2 . _,;nggzP;]'. éezm.ccﬁSTP)/~
No °C- - . (Psia)- (Psia) cm sec. - C1 .cmHE
97-9 45.0  °510.3 12,38 .657 x 100%  ,130 x 107
97-10 45,0 415.3 12,38 .489 x 107% 119 x 107
97-11  45.0  415.3  12.38  .487 x 10% 119 x 1070
97-12 45,0 312.3 12.38 2316 x 10‘% .103 x 1077
97-13 45.0 - 312.3 12,38 .312 x 1074 2102 x 1077
97-14 45.0 312.3  12.38 .307 x 1074 .100 x 1072
97-15 45.0 312.3  12.38 .313 x 1074 .103 x 107?
97-16 45.0 212.3  12.38 .209 x 1074 ,103 x 1077
97-17 45.0 212.3  12.38 .208 x 1077 .102 x 1072
98-1 55.0 722.3  12.38 171 x 1073 .237 x 1072
98-2 55.0 722.3  12.38 170 x 1073 .235 x 1072
98-3 55.0 722.3 12,38 .178 x 1075 .256 x 1077
98-4 55.0 615.3 12.38 .136 x 107> .221 x 1077
98-5 55.0 615.3 12.38 133 x 1073 217 x 1070
98~6 55.0 511.3  12.38 .105 x 1073 .207 x 1077
98-7 55.0 510.3 12.38 .109 x 1073 .215 x 1077
98-8 55.0 412.3  12.38 758 x 107,186 x 1077
98-9 55.0 412.3  12.38 824 x 107 .202 x.1077
98-10 55.0 412.3  12.38 .782 x 107 192 x 1070
98-11 55.0 312,3 12,38 .562x 1070 184 x 1077
98-12 55.0 312.3  12.38 567 x 1077 186 x 107
98-13 55.0 209.3 12,38 .308 x 107% 154 x 1077
98-14 55.0 209.3 12.38 x 107 .152 x 107

«305
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TABLE V-10.,. PERMEABTLITY COEFFICIENTS FOR METHANE

86-15 25,0 312.5 12,52 104 x 10 <342

Sulfolene in Membrane: 18 wt. % Thickness: 2 mils.
" 0
Run Temp. P Ry gf%%?g)/A cmfécésTP)/
No. °C (Psia) ' (Psia)} ~ cm'sec,’ - sec.cm ‘Cmﬂg,
85-1 15.0 713.5 12,60 .190 x 100 266 x 10711
85-2 15.0 713.5 12,60  .208 x 10> ,201 x 10721
' 85-3 15.0 - 713.5 12,60  .207 x 10> ,290 x 1071t
85-4 15.0 613.5 12,60  .717 x 10,280 x 1071
85-5 15.0 613.5 12,60 ,158 x 107° .258 x 1071t
85-6 15.0 513.5 12,60 122 x 107,239 x 1071
85-7 15.0 513.5  12.60 125 x 107° .246 x 107+t
85-8 15.0 407.5  12.60 947 x 107> .236 x 1011
85-9 15.0 407.5 12,60 .860 'x 1070 214 x 107
86-1 25.0 713.5  12.52 ,372 x 1077 521 x 101
86-2 25.0 713.5  12.52 .359 x 107 .503 x 1071
86-3 25.0 612.5  12.52 .280 x 107 458 x 1071
864 25.0 612.5  12.52  .228 x 107> .374 x 1071
86-5 25.0 612.5 12,52 .242 % 1070 .397 x 10~
86-6 25.0 513.5 12,52 .181 x 1072 .355 x 1071t
867 25.0 513.5  12.52 .363 x 107 515 x 1074
86-6 25.0 513.5 12,52 .239 x 107 468 x 1071
86-9 ' 25.0 513.5 12,52 .232 x 100 .455 x 1070E
86-1Q 25.Q 414,5 12,52 . .156 x 107 381 x 107
86-11 25.0Q 414.5 12,52 . .169 % 107 414 x 1070
86-12 25.Q 4145 12,52 131 x10° 321 x 107
86-13  25.0 4145 12,52 . .134x 107 .329 x 107t
86-14" 250 312.5  .12.52 . L104 x 1070 .34L.x 1071
5 C gl
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. TABLE V-10 (Cont). °
. Flux P
Run Temp. Py “32 : cc(STR)/ o cm.cc(éTP)/
No °C (Psia) (Psia) ~  cm'sec, - sec.om 'CmHg
- 87-1 35,0 7224 . 12,43 .638 x 1070 883 x 107"
87-2 . 35.0 722.4 © 12,43 .712x 107 985 x 10711
87-3 35.0 7224 12,43 711 x 1070 984 x 10731
87-4 - 35.0 614.4 12,43 .587 x 1070 .950 x 10t
87-5  35.0 614.4 . 12,43  .573x 1070 ,935 x 10711
87-6 35.0 614.4  12.43  .620 x 1070 101 x.10720
87-7 35.0 515.4 . 12043 L476 x 1070 ,930 x 10711
87-8 - 35.0 515.4 12,43 .503 x 1070 . .983 x 107°%
87-9 35.0 515.4 12.43 517 x 1070 .101 x 10710
87-10 35.0 515.4 - 12,43 .486 x.107°  .950 x 1071T
87-11 35.0 410.4 12,43 .381x 1070 940 x 10T
" g7-12 35.0 410.4  12.43 .38l x 100 942 x 101%
87-13 35.0 410.4  12.43.  .392 % 100,968 x 1071
87-14 35.0 312.4  12.43 .27l = 107,888 x 10711
87-15 35.0 312.4 12,43 ,305x 100,999 x 16711
87-16 35.0 312.4  12.43-  .288 x 1070 943 x 107t
88-1 45.0 72404 12.43 143 x 107 .198 x 100
882 45.0 724.4 12,43 .160 x 107¢ 221 x 1070
88-3 45.0 724.4 12,43 .160 x 107% 220 x 10710
88-4 ©  45.0 616.4 . 12.43 127 x 0%  .206 x 10710
88-5 45,0 616.4 12,43 128 x 107,208 x 10720
88=6" ©  45.0 513.4  12.43 L9890 x 107,194 x 1070
88-7 - 45.0 513.4° 12,43 . 112 x 107,221 x 10720
88-8 45.0  513.4 12,43 102 x 107 .199 x 1070
88-9 45,0 513.4 12,43 .883-x.10™°  ,173 x 10
88-10 45.0 513.4  12.43 987 x 100,194 x 10720
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TABLE V-1Q (Cont).

: P
- Temp.. Pl ) Pz | gf](-_ISI}T{B)/ . “'cm.c.:CESTP)/
No °C (Psia) (Psisg) cmzsec.‘ - Sec.cm 'CmHg
88-11 45.0 410.4 1243 .739°x 1070 182 x 10700
8812 45,0 410.4 12,43 .686 x 10  ,169 x 10710
88-13 45.0 312.4°  12.43  ,500 x 1070 193 x 10710
85-14 45.0 312.4  12.43  ,546 x 1070 .179 x 10720
89-1 5.0 732.3  12.39 284 x 10% 387 x 1070
89-2 5.0 732.3 12,39 278 x 100,379 x 1070
89-3 55.0 616.3  12.39 .23 x10¢  .376 x 10720
894 55.0 616.3  12.39  .230 x 107%  .374 x 10720
89-5 55.0 514.3  12.39 180 x 1070 ,352'x 10710
89-6 . 55.0 514.3  12.39 177 x 107 .346 x 10710
89~7 5.0 413.3  12.39 146 x 100,356 x 10°20"
89-8 55.0 413.3  12.39 144 x 1070 .354 x 1070
89-9 55.0 312.3  12.39 .125 x 1074 .411 x 10740
89-10 55.0 312.3  12.39  .113x 10°*  .370 x 1070
89-11 55.0 312.3  12.39  .108 x 10  .353 x 10710
89-12 55.0 208.3  12.39  .647 x 1070 .324 x 10720
89-13 55.0 208.3  12.39 .715 x 107° .358 x 10710
89-14 55.0 208.3  12.39  .679 x 107> .340 x 107%°
89-15 55.0 208.3  12.39  .698 x 107> .350 x 10730

v
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- TABLE V=11, PERMEABILITY COEFFICIENTS FOR.ETHANE

Sulfolene in Membrane: 18 wt., % Thicicneés: 2 mils.
F‘lu}.c 3
Run’ Temp. B - Fa cc(STR) / , oneeg BT/
No - °C (Psia)’ (Psia) - cm”sec, sec.cm .cmi,
784 15.0 214.5  12.52  .696 x 107° 339 x 1071
79-1 25.0 494.4 12,50 424 x 107 .864 x 10717
79-2 25.0 416.4  12.50  .323 x 1070 .786 x 1071t
79-3 25.0 322.4 12,50  .254x 1070 806 x 10711
79-4 25.0 215.4  12.50 169 x 107 817 x 10711
79-5 25.0 215.4  12.50 144 x 1077 697 x 10711
80-1 35.0 495.5  12.58  .924 x 1070 .188 x 10710
80-2 35.0 495.5  12.58 .995 x 107° .202 x 10710
w 80-3 35.0 415.5  12.58  .865 x 1070 - 211 x 10720
80~4 35.0 415.5  12.58 778 x 107 .190 x 1070
805 35.0  ° 415.5 12,58  .781 x 107> ,190 x 10710
80-6 35.0 312.5 12.57 490 x 107 .160 x 10710
80-7 35.0 312.5  12.57 527 % 1070 .172 x 10710
80-8 - 35.0 312.5  12.57 .534 x 107 175 x 10710
80-9  35.0 212.5  12.57 (419 x 1070 .206 x 10710
80-10 35.0 212.5  12.57 .368 x 107° .181 x 10710
80-11 35.0 212.5  12.57 .290 x 107° .143 x 10710
80~12 35.0 212.5 . 12.57 407 x 107° .200 x 10710
80-13 35.0 212,5  12.57 346 x 100,169 x 10720
81-1 45.0 499.3  12.35 173 x 1070 349 x 10710
81-2 . 45.0 499:3° 12035 .193x 107% 389 x 10710
81-3 ' 45.0 499.3 12,35 .185x 1070 .374 x 10720
814 45.0 417.3 12,35 .149.x.1077 362 % 10710
" 81-5 45.0° 417.x 12,35 145 x 1074 .353 x 10710
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. TABLE V<11 (Cont).

£

. . ¥
Run Temp: Ry : fé : F£%§¥P)/ : ~gm7éC§$TP)/
No °C (Psfa) ' (Psia) cm’.sec. ' gec.cm 'C?§§_
816 45.0 312,37 1235 .102 % 107° | .334 x 10720
81-7 45.0 312.3° 12,35 .983x 1070 322 x 1070
81-8 45.0 213.3 " 12,35 © 647 x 107 - ,316 x 10720
81-9 45.0 213.3  12.35  .668 x 1070  .327 x 10720
81-10 45.0 115.3°  12.35 321 x 10° 307 x 1070
81-11 45.0 115.3 12,35 .332x 100 (317 x 1070
82-1 55.0 532.3  12.39 324 x 107% 612 x 10720
82-2 55.0 532.3 12,40 .321 x 107" 608 x 10720
82-3 55.0 423.3  12.40 .243 x 107% .581 x 1010
824 55.0 423.3  12.40  .236 x 107% .564 x 1070
‘82-5" 55.0 423.3 12.40 .236 x 107% .565 x 10710
82-6 55.0 313.3  12.39 .167 x 1074 .479 x 10710
82-7 55.0 313.3  12.39 149 x 107% .488 x 10710
82-8 55.0 212.3  12.39 114.x 107 .560 x 1070
82-9 55.0 212.3  12.39 .101 x 1074 499 x 10710
82-10 55.0 212.3  ©12.39  .108 x 107 .534 x 10720
82-11 55.0 212.3.  12.40 .102 x 107 .503 x 10720
82-12 55.Q 114.3  12.39 486 x 107° 468 x 10710
82-13 5.0 114.3 12,39 .469 x 1070 452 x 10720
82-14 55.0 114.3 12,39 .486 x 107> 468 x 10710
8215 55.0 114.3  12.40  .496 x 107 478 x 10720

0
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TABLE V-12. PERMEABILITY' COEFFICIENTS FOR.ETHYLENE

Sulfolene in Membranes: 18 wt. % Thickness: 2 mils,

@)

Flux cm.zcéSTP)/

Run Temp. - P - P2 QC§STP)/ sec émZ cmH

No, °c _(PsTa) ~ (Psia)  cm sec, _ 8
71-1 0.0 5605 12.59  ,161x 1070 289 x 107
71-2 0.0 508.5  12.59  .158 x 107,314 x 1071
71-3 0.0 409.5 12,59 .877 x 1070 217 x 107°F
71-4 0.0  -320,5  12.59  .858 x 107° 274 x 107!
72-1 15.0  720.4 12,59  .537 x 100 745 x 107°T
722 15.0 615.4  12.49  .383 x 1070 .624 x 10 1%
72-3 15.0 513.4 12,49 .328 x 100,643 x 1077
724 15.0 412.4  12.49 247 % 107° .607 x 10711
72-5 15.0 314.4 12,49 .166 x 1070 541 x 1077
73-1 - .- 25.0 721.5  12.55  .103x 1000 .143.x 10710
73-2 25.0 624.5 12,55  .836 x 1070 .134 x 1070
73-3 25.0 520,5  12.55  .710 x 1070 .137 x 10720
734 25.0 409.5  12.55 446 x 1070 .10 x 10720
73-5 25.0 315.5  12.55 .33 x 107,108 x 1070
73-6 25,0 214.5 12,55  .204 x 10,991 x 107°%
73-7 25.0 216,46 12,55  .207 x 107,101 x 10720
74-1 35.Q 734.5 12.6Q .196 x 107 .267 x 1070
74-2 35.0 616.5  12.60 154 x 107,250 x 10720
74-3 35.0 509.5 1260 116 x 107°  ,229.x 10720
744 35.0 413.5 1260 . .915x 107 .224 x 1070
74-5 35.0 313.5° 12,60 .584 x 107° 191 x 1070
74-6  35.0 313.5  12.60  ,600 x 10 .196 x 1070
747 - 35.0 212,5 12,60  .411.x 1070 .202.x 1070
74-8 35.0 212.5 ' .12.60 .355 x 1070 175 x 1070

L I )
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. TABLE V-12 (Cont).

Flux E

. Temp; EX r, cc(STPR)/ cmicc(STz)/

No. °C (Psia) (Psia) ~ cm sec, sec.cm 'CmHg
75-1 45.0 722.4 . 12.43  .363 x 107°  .502 x 1070
75-2 45,0 6l4.4 12,43 .286 x 1070 467 x 10720
75-3 45,0 516.4 12,43 .226 x 1070 440 x 10720
754 45.0 416.4  12.43  .169 x 1070 410 x 10720
75-5 45.0 313.4 12,43 .115x 10%  ,377 x 10720
75-6 45.0 217.4 12.43 .769 x 107> .369 x 1070
76-1 55.0  709.4 12,51  .612 x 107%  .862 x 10720
76-2 55.0 620.4  12.51  .522 x 1070 844 x 1070
76-3 55,0 521.4  12.51 404 x 107 .780 x 10710
76-4 5.0 409.4 12,51 ,202 x 107¢  ,723 x 10720
76-5 55.0 316.4 12,51 .20 x 107¢  .678 x 10720
76-6 55.0 218.4  12.51  .136 x 107 . .649 x 1070
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. TABLE V-13. PERMEABILITY COEFFICIENTS FOR 1,3 .BUTADILENE

Sulfolepe in Membranes: 18 wt. % Thickness: 2 mils.
Flux P
Run Temp. Pl _’PZ . c?cz(_STP)_/ cm.c;:(STP)/
No °C . (Psia) . (Psia) cm sec, . sec.cm .cm.H
90-1 38.0 37.5 12,59 .16l x 107,635 x 10710
90-2 38.0 37.5  12.59  .202x 107 .798 x 10720
1 90-3 38.0 37.5 12,59  .187 x 107> .737 x 107C
90-4 38.0 32.5  12.59  .108 x 10,533 x 10720
90-5 38.0 32.5 12.59 .107 x 107 .530 x 10720
91-1 46.5  39.5 12.60 .239 x 107 .872 x 1010
91-2 46.5  39.5 12,60  .241 x 10> .879 x 10730
91-3 46.5 33.5 12.60 154 x 1070 725 x 10720
914 46.5 33.5 12.60 .162 x 107° .760 x 10710
92-1 55.0 39.5 12.54 - .271 x 107° .990 x 10710
92-2 55.0 39.5  12.54 .279 x 107 .102 x 107
92-3 55.0 33.5 12,56 .212 x 107 .998 x 10720
924 55.0 33.5 12.54 218 x 107° .102 x 1077
92-5 55.0 28.5 12,54 .166 x 107 .103 x 1077
92-6 55.0 28.5 12.54 164 x 107 .101 x 1077
927 55.0 28,5 12.54 .139 x 1077 .859 x 1070
92-8 55.0 23.5 12,54 .970 x 107° .872 x 1070
1929 55.0 23.5 12,5 .979 x 107°  .880 x 10720
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All the permeability coefficiénts are of the same oxder of

magnitude; The trend s the same for all cases; thé‘coéfficients
increase with increasing temperature: The coéfficienfs.for hydrégen
are the highest in the group un&er consideration., Then come 1-3
butadiene, ethylene; Oxygen: methane in that order, The system seems
to be slightly selective té the olefins studied; 1—3; butadiene and
ethylene, compared to the other hydrocarbons, methane and ethane.

The behavior of the different gases appear to be diffusivity

controlled, The pressure dependence of the permeability coefficients

may be explained by a non-linear relationship between the solubility

and the pressure. A plasticizing effect due to higher concentrations

1

. of sorbed gas in the membrane may also be responsible, at least in

part, for such behavior, because 6f the associagted increase in
diffusivity., The high permeability coefficient of hydrogen is probably

related to the small diameter of its molecule,

G. SEPARATION OF SOZ/NZ MIXTURES

(L) The Data

The pseudo—permeability'coefficients for SO2 and N2.and the

separation factor « were determined in the 0°C to 55°C
50, /N, ot ‘

temperature range and a total pressure range of about 20Q-psig to 600

psig. The feed gas analyzed 6.5 volume Z% 802. The membrane used

contained 18 wt % sulfolene on.a solvent free basfs and had a thickness

i
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of 2 mils. The feed gas flow rate.was changed for the different runs,
in order to try to keep a constant 502 volume Z in the high pressure

side of the permeation cell,. The data are presented in .Table V-14,

(2) ° Discussion

The pseudo—permeabiliﬁy'goefficients for Sdz and N2 are plotted
in Figure V-23. and Figure V-24 respectively. The separation factor for
SO2 is plotted in Figure V;25: The data in general shows some
scattering, that is probably due to the impossibility of keeping the
mass transfer parameters constant. The 802 concentration in the high
pressure side of the membrane is difficult to keep constant. The

\ - .
mass transfer coefficients are functions of temperature and pressure,

RIS

and probably also of the rate of permeation., Even though the data
reflects these facts, they neyertheless show a definite trend in each
case., Starting with 802; the pseudo—-permeability coefficients
(Figure V-23) follow the same trend as the permeability coefficients
for pure 802,_tﬁat are shown in Figure V-5, They decrease with
increasing temperaéure and increase with increasing pressure. The
values obtained are somewha;quwer, which_is’in agreement with. the
definition of tﬁe pseud0*permeability‘coefficieﬂt. This reflects the

i
resistance to mass transfer in the gaseous films in contact with the

'

membrane, which arises when working with gas mixtures. Comparing the

pseudo-permeability coefficients’ for NZ’ shown in Figure V-24, with

e
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TABLE V-14. SEPARATION OF 802/N2 MIXTURES

= 20T -~

Feed: 802 Volume 7%: 6.5 Sulfolene in Membrane: 18 wt. Thickness: 2 mils.
. Flux cc(TSTT;‘)cm/ .
Run Temp.  °1 Py %80, %80, ;S(iizg/;mz'szc ~sec.CIfzslz.cmHglo =
No. °C (Psia) (Psia) Perm Vent - 2 ox10 S0,x107 Nyx10 SOZ/NZ
111-1 0.0 622.4 12,51  92.15 -3.07 .897 .764 .116 125 370.2
111-2 0.0 . 5154 12,50  91.41  3.33 .715 .672 .123 133 309.1
111-3 0.0 §16.4  12.50  91.74  3.98  .673  .606. ..129 .149 267.7
111-4 0.0  316.4 12,50  93.71  5.27  .600  .403 . .118 132 267.6 .
111-5 0.0 '220.4 .12.50  93.75 6.35 439 - 293 .183 140 221.2
111-6 0.0  528.4  12.51  92.93  .356  .839 .639 115 J123  356.0
111-7 0.0 420.4  12.51  94.57  4.19 .964 .553 .164 .135  398.5
111-8 0.0  315.4  12.50  95.50  5.66 911 429 .151 142 353,7
111-9. 0.0 215.4  12.47  87.85  '5.46 .123 .170 .151 .825  125.3
111-10 0.0  '362.4  12.49  94.48  4.42 .656 .383 .152 .109 369.4
112-1" 51,0 _' 524.4 12.49 93.45  5.08 529 .371 .0347 734 266,2
112-2  15.0  414.4  12.49 92,61  5.24 284 227 .0275 568  226.7
112-3  15.0  317.4  12.47  91.10  5.11 143 .140 .0291 458 190,2
112-4 15,0  216.4  12.47 82,60  5.85  ,0248 ' .0523 .0103 254 76.4
113-1  25.0  528.4 12,41  89.93  4.61 313 .350 .0232  .683 184.7
113-2  25.0  414.4  12.41  89.37  5.21 .167 .199 .0157 499 153.0
113-3  25.0  318.4  12.41  87.35 ° 5.76 .0847 .123 L0111 404 112.9
113-4 25,0 ~ 364.4  12.41  87.17  5.09 .161 .0139 460 126.6

L 110

"T=T
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TABLE V-14 (Cdit)
i
Flux , ccﬁsgP)cm/
Ren Temp 1 ‘2 €50y 130 :;(:E%/CE xizz S:e;igrg .;mi%olo SO/,
No. °C (Psia) " (Psdia) Perm Vent 2 2 20" 2 - PYoly
114-1 35.0 524.4 12.43 86.27 5.22 193 .307 0114 .610 114.1
114-2 35.0 418.4 °  12.43 84.54 5.52 illS 211 .00900 .526 93.6
© 114-3- 35.0 314.4 12.43 81.164 5.71 .0557 ﬁ129 .00697 - 432 71,2
) 114-4 35.0 367.4 12.43 82.01 5.45 .0804 176 .00805 | .502 79.2 1
115-1 45.0 522.4 12.45 -81.59 5.21 144 . 324 .00826 . 645 80.6 5
115-2 45.0  413.4 12.45 - 81559 5.49 .0920 ©.208 .00720 .526 76.1 - r
- 115-3 45.0 310.4 12.45 76.92° 5.53 .0873 .262 L0113 - .886 57.0
116-1 55.0 - 529.5 12,52 76.80 5.07 132 «399 .00754 784 67.0
116=2  55.0 413.5 12.52 76.09 - 5.60. .0798 .251 .00576 .637 53.6
116-3 55.0 311.5 12.52\ 71.82  5.92 L0442 .173 .00460 .589 40.5

HEl N T 117
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the permeability coefficients.determined using pure NZ;'there are some
interactions between N2 gnd the ;orbed gas in the membrane: Firsf; the
pseudo~-permeability coefficients for N2 are higher than thg pure N,
permeability coefficients; in opposition to what would have been
expected if no interactions-were preseﬁt. Second; the temperature
dependence of the coefficients is reversed: the ﬁseudo—permeébility
coefficient for NZ decreases with increasing temperature up to about
35°C, and then seems to increase, This behavior can probably be
explained b& the plasticiéing effect of 802 sorbed in\the membrane,
It has been demonstrated by Stannet et al, (14) that the.diffusivity can
increase with increasing sorbed gas concentrations. At lower
temperatures, the concentration of sorbed 802 in the membrane is higher,
and it is also at the lower temperatures that the highest values of the
pseudo-perﬁeability coefficients are encopntered, as shown in Fiéure
V-24. It appears that'at the lower temperatures the transport of N2 is
determined by the concentration of sorbed SO2 in the membrane. At

higher temperatures the solubility of SO, decrease considerably, and

2
with it, its plasticizing effect. Thus, at higher temperatures, nitrogen
regains its "traditional" behayior, when the plasticizing effect of
802 becomes less important.

Turning_pow to the separation factor for 802 (Figure V*ZS); it

can be seen that it incréases with decreasing temperature. This is

increases

probably due to the fact that the concentration of sorbed 50,




7 & 2 )

)

{1

()

) LLL 4 Ll LS

~ 108 ~

with decreasing temperature, being apparently a very strong function

of temperature.. This incréase in sorxbed 802 concentration may cause an
increase in the diffusivity of Nz;las discussed previéusly, but the
net .effect is a permeate richer in Sdé: As temperatufe increases; the
pseudo~permeability fo 502 éoes down; because of the lower solubility,
and while the N2 permeability coefficient may decrease because of the
diminishing plasticizing effect, it eventually increases because of
the increase of its diffusiyity:with temperature; The net effect is a
drop in the separation factor with increasing temperature. From

Table V=15, it can be seen that the 187 sulfolene membrane is very
selective with .respect to SOZ, giving at th? éame time high permeate
fluxes. The best separations are obtained at 0°C., The highest
concentration of SO2 in the permeate was 95.57 for an exhaust gas 502

concentration of 5.6%, with permeate flow rates of about 1 x 10

2
cc(STR)/(em”.sec.), Upstream pressure was 315 psia.

H. SEPARATION OF C0,,/H, MIXTURES

(3

}

(1) The Data

I

The pseudo-permeability coefficients fox COZ and I, and the

separation factor %= were determined in the Q°C to 55°C .

‘COZ/HZ .

temperature range and at a total pressure range of about 160 psig

to 720 psig. Two different feed mixtures were used: 3.3 volj Cdz

and 48.5 vol. % COZ' The membrane used contained 18 wtZ sulfolene
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TABLE V-15. SEPARATION OF coz/'H.2 MIXTURES

Feed: Co2 Volume: 48.5% | Sulfolene in Membrane: 18 wt¥ Thickness: 2 Mils.
i

Flux cc(STP)cm/
- remp. P, ?, %SOZ %50, ;:;(STPZ/cmfsez. sg.c.gmz,cmH.g9 -
No.  °C - (Psia) (Psia)  Perm _ Vent  C0p*t0 Hpx10" COpx107 H,x10"  CO,/H,
100-2 0.0 732.5 12.54 67.44 42,04  .579 .279 .190 .0653 2.86
100-3 0.0 616.5 12.54 68.20 42,10  .380 177 149 L0493 2.86
100-4. 0.0 517.5 12.54 66.37  43.98 .205 .104 .0919 .0357 . 2.52
100-5 0.0 422.5 12.54 67.89 44,29  .0988 . .0467 .0543 .0198 2.66 :L
101-1  15.0 732.5 12.49 64.17 43,51  .803 448 254 .109 2.33 O
101-2  15.0 622.4 12.49 63.89 44,67  .565 .319 .205 .0922 2.19 '
101-3  15.0 525.4 12.49 62.82 . 41.13  .377 .223 .178 .0720 2.42
101-4  15.0 420.4 12.49 65.68 45.26  .237 124 .128 .0539 2.31
102-1°  25.0 737.4 12.50 61.82 42.76  .988 .610 .316 J144 2.17
102-2  25.0 615.4 12.50 60.09 43.35  .659 .438 .250 .125 1.97
102-3  25.0 515.4 ° - 12.50 64,11 45.82 517 .290 .223 .104 2.11 _
102-4  25.0 413.4 12.50 63.29°  45.29  .329 .191 .180 -.0847 2.08 ‘ _VE
102-5  25.0 322.4 12.50 63.07°  47.20 .189. 111 129 .0657 1.91 ; ’
103-1  35.0 732.4 12.43 60.56 44.48 127 .826 . .391 .202 1.92
103-2  35.0 615.4 12.43 61.72  45.38  .928 .575 .335 171 1.94
103-3 35,0 514.4  12.43 60.94 43.45  ,657 421 .299 145 - 2,03
103-4  35.0 415.4% 12.43 63.89 46.98 478 .270 251 .123 ©2.00 . |
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TABLE V-15. (Cont).
™
.. cc(STP)cm/
CSTP)/cmzsec . sec.cm .cmHg
Run  Temp. 1 52 0y 159 22 a0 1x10* - 60_x10° £x100  co
No. _ °C  (Psia) (Psia)  Perm _ Vent 2 2 2 R
103-5 35.0  316.4 12,43  61.75  45.95  .274 .170  .195 .0100  1.90
104-1 45.0  732.3  12.38  62.38  47.01 1379 1.08 .524 .277 1.87
104-2  45.0 = 514.2  12.38  62.26  46.92  .985 597 414 .219 1.87
104-3  45.0  314.3  12.38  61.34  46.17  .457 .288  .326 2172 " 1.85.
1044 45,0  210.3  '12.38 . 61.50  47.36  .251 157,268 146 1.78 ).
105-1 55,0  719.3  12.38  56.32  44.29 2.09 1.62 .66l 404 .1.62 ©
1052 55.0  514.3  12.38  56.44  42.35 1.15  .889  .537 .300 1.76
105-3 55.0  315.3  12.38  59.55 46,61  .629 427 443 .257 1.69
105-4: 55.0  165.3  12.38  59.05  46.67 .231 .160  .325 1,189 1.65

Tl 1

It
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TABLE V-16. SEPARATION OF CO,/H, MIXTURES
Feed: CO2 Volume: 3.3% Sulfolene in Membrane: 18 wt?% Thickness: 2 Mils,
Y
Flux2 ce (gTP) cm/

I N I e i e S TR
No.  °C (Psia) “(Psia) Perm  Vent 2 2 <0y p¥10 €O, /H,
106-1  10.0 732.4 12.49 4.85 2.93  3.86 L0757  .0181 0106  1.68
106-2  10.0 529.4 12.48 5.01 3.07  1.66 0315  .0104 .0618  1.66
107-1  25.0 732.5 12.54 4.40 3.02 154 .335 .0703 L0472 1.48
107-2  25.0  616.5  12.54  4.59 3.06  L124 .258  .Q674 L0434 1.54 -
107-3  25.0 414.5 12.54 4,84 3.10  6.14 .120 . 0492 .0304  1.59 . T
108-1  35.0 742.4 12.49 4.16 2.75 .250Q .576 .123 L0797 1.54

1 108-2  35.0 615.4 12.49  4.39 2.75 .181 .394 .108 . .0660 1.62
108-37 35.0 -515.4 12.49 4,34 2.85 .149 .328 .103 L0660 1,54
108-4 35.0  312.4 12.49 4,72 2,99  5.51 .111 .0619 .0375 1,61
109-1"  45.0 622.3 12.40 4,22 .284 .401 .910 .230 0151 1.51
109-2 . 45.0 521.3 12.40 4,17 2.95 .317, .728 .209 - 145 1.43
109-3  45.0 423,3 12.40 4.25 2.85 .238 .535 .202 .132 1.51
109-4  45.0 316.3 12.40 4,43 3.05 .160 .345 .173 .115 1.47
110-1  55.0 607.5  12.57 4.13 2.91 .580 1.3% .332 .229 1.44
110-2  55.0 521.5 12.57 4.30 2,91 .510 1.14 .343 .226 1.50 -
110-3  55.0 409.5 12.57 4.29 3.02 . 364 .813  .303 .207 1.44
110-4  55.0.  316.5 12.57 4.26 2.94 .254 .571 .285 .190 1.47

miml
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Onl a solvent free basis and had a thickness of 2 mils,. The data are

presented in Table V-15 and Table V-16.

(2) Discussion

The permeability coefficients for Cdz are about one 6rder of
magnitude greater than those of HZ:,aS canfbe 5bserved in Figure V-10
and Figure V-13, Thus it seems possible to obtain a permeate with
higher CO2 concentration by using sulfolene modified membranes. The
pseudo—-permeability coefficients for CO2 and ﬁz obtained usihg the CO2
rich mixture are plotted in Figure V-26 and Figure V-27 respectively,

The separ?tioh factors are‘presentea in Figure V-28.

The pseudo-permeability'coeffic;ents for COZ show the same trend
as the permeability coefficients for 002 at lower pressures (Figure
V—lO); and seem to be diffusivity controlled. The values of the.
coefficients obtained are about one order of magnitude lower than those
for the pure gas. This is in agreement with the definition of the
pseudo-permeability coefficient, and could be explained in terms of
the additional resistances to mass transfer created when using mixtures
of gases instead of the pure components.

The pseudo-permeability coefficients for H2 seem to be slightlf

higher than the pure gas permeability coefficfents. This suggests

that the COz‘sorbed in the membrane changes the transport characteristics

of the Hz—sulfolene.membrane system, As was the case for SO?;/N2
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mixtures, the diffusivity of the' less permeable gas; in this case Hz,
seems to increase with the concentration of the more permeable.
'component, in this case COz;ldue to plssticiziﬁg effects; 3asically
the same conclusions'are derived by analysis of the lean Cdz mi%ture
results.: - These data are plbtted in Figure V-29 and Figure V—SO; In
this case, however, the plssticizing effects are much'weaker; probably
because of the verylwad2 content of the feed gas (3:3 voli Zy. It
is interesting to note that the permeability coefficients for hydrogen
are almost exactly the same és the permeability coefficients obtained
with pure Hz (Figure V-13). This suggests that the piasticizing effect
of sorbed CO2 at this low concentrations may'bé negligible. |

The separation of COZ/H2 mixtures is more efficient at lower
temperatures and higher CO2 partial'Pressures. This conc;usions could
have been expected by inspection of the permeability eocefficients of
the pure components (Figure V-10 and Figure V-13). The maximum
difference in the permeability coefficients of CO2 and H2 occurs at
lower temperatures and higher pressures., Based on this, the effec-
tiveness of the separation of COZ/H.2 mixtures may increase csnsiderably
by increasing the partial pressure of CO2 beyond the values tested in
this study. For the range of pressures considered“ the highest
separation factor obtalned was 2 86 at O C -with a total pressure of

about 732 ps1a and w1th 42 VOl % CO2 in the exhaust gas. The .permeate

analyzed about 67.SA C02.
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I,  ANALYSIS OF ERRORS

The reliability of the permeabi;ity‘measurementé could be affected
by various possiblé sources of eiperimenFal errér: the most Important
beigg:

1. Change in temperature of the gas contained in the lines

7 ' ) B
connecting the-coﬁstant temperature enclosure and the measuring
device: the temperature was not.allowed to change more than
0.1°C, but even this small temperature change could introduce
an error of about 10%.f6r the slower measurements, takiﬁg
into account the wvolume of the permeate to be about 20 cc.
This was true for gases %ike N2 at thg lowest temperature
tested, For faster runs this error was negligible because
the operation was almosé perfectly isothermal.

2, Non—~uniform film thickness: Multiplé'measurement of the films
used were made with a precision micrometer., The avefage
tﬁickness difference was about 5% (based on 2mils meﬁbrane
thickness).

3. For some gases, like C0,, a net mass transfer was observed
through the mercury slug. .This effect was probably important
for very low permeation rates; but became negligible éor

" higher pe?meate flow rates.

1““7;*
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" "CONCLUSIONS 'AND RECOMMENDATIONS °

A. CONCLUSIONS

D)

1.

A permeation apparatus suitable for the determination of
permeability coefficients of gas membfane sysgems.has been
developed;. The apparatus is capable of operating at
sﬁper*atmospheric.pressures and super and sub-ambient
temperatures.

Sulfolene moéified vinylidene fluoride membfaﬁes were found
to be ve;y‘efficient membranes for the separation of sulfur
dioxide from gaseous mixtures. The most effective separation
was obtained with a 2 mils thick, 18 wt % sulfolene membrane
on é solvent free basis. The permeation parameters for this
membrane compare favorably with those reported in the
literature for the separation of sulfur dioxide.
The'permegbility coefficient for sulfur dioxide were found to
be four orders of magnitude greater than those for nitrogen,
carbon m&noxide, argon, oxygen, methane, ethane, ethylene ;nd
1,3 butadiene; about 3 ofders of magnitude gre;ter than that
of hydrogen and about two orders of magnitude greater than
that ok carbon dioxide. |

The permeability coefficients for sulfur dioﬁide and: carbon
dioxide exhibit a non—iinear éxponential dependence 6n

temperature and pressure.. The disgolved gases exert a

pronounced plasticizing influence on the membrane, which
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results in permability'coefficiénts being highly dependent
. ‘

upon the sorbed gas concentration.
The permeability cqéfficient§ for o%ygen, hydrégen: methane;
ethane, ethylene and 1:3'butadiene.exhibit also e%ponential
dependence on preééure and tempefature:
The permeability coefficients for nitrogen, carbon monokide
and argon were found to be independent of pressure:( The
temperéture dependence is of the exponential type.
The best separations of sulfur dioxide from sulfur dioxide-
nitrogen mi%tures were obtaiﬁed at the lowest temperature
tested and for the higher values of the partial pressure of
sulfur dioxide. The sorbed gas exerts a pronounced
plasticizing influence on the membrane, influence that is
translated in pseudo—permeability coefficients for ﬁitrogen
that are higher than those determined using the pure gas,
effect that lowers the degree of separation for this binary
mixture. In spite of this, very‘good separations can be
achieved., A 95.5 vol. % 502 permeate was obtained for an

exhaust gas SO, concentration of 5.6 yol., %, with permeate

flow rates of about 1 x lO“3 cd(STE)/cmZ.sec, at Q°C and

b

315 psia upstream pressure,’

The separation of 002 from a COZ/Hé'ﬁixture was. found to be

feasible,’ Thg'best results were obtained at the lower

)L
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temperatures and for the higher values of the upstreanm Cdz
partial pressure; The highest. separation facgér thained
wash2;86, at 0°C with a total pressuré of about 732,psia and
with 42 vol % CO2 in the exhaust gas: The permeate analyzed
67:5% COQ; The diséolvéd gas e%erts a plasticizing influence

in the membrane, the net effect being pseudo-permeability

coefficients for H2 higher than those obtained with the pure

gas.

B. RECOMMENDATIONS

1.

Even though the permeation appératus possesses adéquate
sensitivity‘for determining thé permeability coefficients even
for very slightly soluble gases, the accuracy could be

further improved by placing the whole permeation apparatus in
a constant temperature enclosure.

Other techniques of mgking‘membranes should be investigated,
techniques that allow higher concentrations of modifier in

the membrane. Drying of the membrane at very low pressures
and at low temperatuxes could prove useful. Also the drying

of the membrane by selectiyve diffusion of the solyent into

another solvent, in which the polymer is not soluble, is

also possible. Membranes of good consistency were made by

immersion in water of a glass plate with the membrane
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" solution spread over ft.

The search must be continued for a better modifier for 802

separations.. The solubility of 502 in the chemfcal gives
an initial information on its potential use as a modifier.
Chemicals with.high SO2 solubilities and compatible physical

characteristics should be tested systematically.
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"NOMENCLATURE

. Total molar concentration, moles/L3

Molar concentration of component A;.moleé/t3 

Binary diffusivity for system i~j, Lz/f

Molar flq% of spggiés i relative to the molar average
velocity, moles/th

Overall mass trénsfer'coefficiént, moles/th2

Constant

Constant

Local mass transfer coefficient for the feed side of the

permeation cell, moles/tL2

Local mass transfer coefficient in high mass transfer for

the feed side of the permeation cell, moles/tLZ‘

Local mass transfer coefficient for the permeate side of

the permeation cell, moles/tL2

Solubility constant for species i in a Henry's law type

relationship
Molar flux with respect to stationary coordinates,moles/L3

Total pressure F/L2

Permeability coefficient of component i, L3.L/t.L2

F/L,
defined in equation III-15. '
Reference wvalue of the permeability coefficient,
ARV Yl

Partial pressure of i F/L?

Ratilo NBo/NAo for A binary mixture A-B
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T Absolute temperature

W, Molar flow,ratg'of species i; Molea/t P

X; " Mole fraction of speciés i in feed side of the permeatién cell

Yy Mole fraction of species i in permeate side of the permeation
cell

z Rectangular coordinate; L

SUBSCRIPTS

1 High pressure side of permeation cell

2 Low pressure side of permeation cell

A Component A

B Component B

o Interface

b Bulk Stream

GREEK LETTERS

o, Separation factor of species i

2

. Pseudo-permeability coefficient of species i, L3.L/t.L .F/Lz,

defined in equation III-21,
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