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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




| 2] VIV RS [N <% N 1Y L e

N -2 -
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
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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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