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Abstract:

Vinylidene fluoride films modified with several different chemicals, and several commercially
available films were tested for the separation of H2S from H2S-N2 mixtures. Flux and separation

factor values were obtained over a temperature range from 23°C to 125°C with an operating pressure of
500 psig.

Microscopic examination of the surfaces of modified vinylidene fluoride membranes indicated that
uniform polymer films could be produced by allowing polymer solutions to stand for 15 days to insure
complete dispersion of the polymer along with de-gassing the solution before pouring it onto a flat
plate to form membrane films.

The following chemicals were added as modifiers to vinylidene fluoride: sulfolene, 3-methyl sulfolene,
1-methyl-2-pyrrolidinone , morpholine, monoethanol amine, triethanolamine, diisopropanol amine, and
monoisopropanol amine. Good separation of H2S from a 5% mixture of H2S in N2 was obtained using
3-methyl sulfolene, morpholene, monoisopropanol amine, and diisopropanol amine. For example, a
film modified with 10% 3-methyl sulfolene gave a permeate, containing 33% H2S at 50°C.

The commercially available polymer films tested included: dimethyl silicone, silicone polycarbonate
copolymer, poly vinyl fluoride, polyamide, heat stabilized polyamide, polysulfone and
polyethersulfone. Very high flux values and good separation were found with several of these
polymers.

Strong trends toward increasing flux with increasing temperature, and an increasing percentage of H2S
in the permeate gas with increasing temperature were observed.

Separation factor values for H2S, determined using a 5% mixture of H2S in N2, ranged from less than
.1 to 12.9. Flux values ranged from less than 10-5 m3(STP)/m2 hr to .727 m3(STP)/m2hr.

Tests conducted with a feed gas containing .27% H2S in a H2S/N2 mixture showed that permeate flux
decreased as the percentage of H2S in the feed gas decreased. No definite trend in the change of
separation factor with feed gas composition was observed.
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ABSTRACT

Vinylidene fluoride films modified with several different chemicals,
and several commercially available films were tested for the separation
of HpS from HpS-No mixtures. Flux and separation factor values were
obtained over a temperature range from 23°C to 125°C with an operating
pressure of 500 psig.

. Microscopic examination of the surfaces of modified vinylidene -
fluoride membranes indicated that uniform polymer films could be pro-
duced by allowing polymer solutions to stand for 15 days to insure
complete dispersion of the polymer along with de=gassing the solution
before pouring it onto a flat plate to form membrane films.

The following chemicals were added as modifiers to vinylidene
fluoride: sulfolene, 3-methyl sulfolene, 1-methyl-2-pyrrolidinone,
morpholine, monoethanolamine, triethanolamine, diisopropanolamine, and
monoisopropanolamine. . Good separation.of HpS from a 5% mixture of
HoS in Ny was obtained using 3-methyl sulfolene, morpholene, mono-
isopropanolamine, and diisopropanclamine. For example, a film modified

‘with 10% 3-methyl sulfolene gave a permeate. containing 33% HZS at 50°C.

The commercially available polymer films tested included:
dimethyl silicone, silicone polycarbonate-copoiymer, poly vinyl fluoride,
polyamide, heat stabiiized polyamide, polysulfone and polyethersulfone.
Very high flux values and good separation were found with several of
these polymers. :

Strong trends toward increasing flux with increasing temperature,
and an increasing percentage of HoS in the permeate gas with increasing
temperature were observed.

Separation factor values for H2S, determined using a 5% mixture of
H2S in N2, ranged from Tess than .1 to_12.9. Flux values ranged from
less than 10-5 m3(STP)/m2 hr to .727 m3(STP)/mchr.

Tests conducted with a feed gas containing .27% HoS in a H2S/No
mixture showed that permeate flux decreased as the percentage of HpS
in the feed gas decreased. No definite trend in the change of separation
factor with feed gas composition was observed.

.




INTRODUCTION AND PURPOSE

The éeparation of.HZS from other components in a gas stream is
important in a number of areas; particularly in the utilization of.the
fossil fuels natural gas, pétro]eum, and coal. -

Hydrogen ;u]fide gas is .highly toxic, corrosive, and a cata]ygt
poison. These properties necessitate its removal from gas streams.

| Natural gas must be "sweetened", that is, hydrogen sulfide must
be removed before it can be distributed by pipeline.

Hydrogen sulfide produced during refining from the sulfur present
in crude oil is removed to prevent catalyst poisoning and corrosion.

When coal is gasified, regardiess of the specific‘process used,
most of the sulfur in the coal is converted to hydrogen sulfide. This
hydrogen sulfide must be removed from the gasifier exit gas because it
quickiy destroys the activity of methanation cata]ysfs.

As petroleum supplies become more scarce, coal gasification is
‘expected to become a major industry. It has been estimated (1) that
to produce clean fuel equivalent to 20% of current U. S. 0il consumption
from coal will require 80 gasification plants each producing 250
million ft3/day of gas. Each plant wou]d-consume about 12,000 tons/day
of high quality gastern'coal and produce about 400 tons/day (8.4 x 106
SCF/day) of hydrogen sulfide. |

Because most of the coal gasification processes currently undéer
development operate to producé a product gés under pressure, the

driving force for a membrane separation process is already present.
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This 1is a big advantage 6f a membrane sepafation process over conven-
tional 1iquid absorption hydrogen sulfide rempva] processes. Membrane
separation processes also.have the advantage of requiring much less
equipment than liquid absorption processes;
In an attempt to contribute to the ultimate goal of a membrane'
separation system for hydrogen sulfide rehova1 this work was conducted.
The specific objectives of this research were as follows:
1. To test a number of different plasticizers in vinylidene
fluoride to determine permeation rate and selectiyity for HZS‘
2. To test various commercially available polymeric films to
determine permeation rate and selectivity for HZS‘
3; To determine the effect of temperature on selectivity for HZS
in the various membranes.
4. To determine fhe effect of temperature on permeation rate
in the various membranes.
5. To determine the effect of feed gas éomposition on permeation
rate and selectivity for:Hés for_materia]s which appear

promising.




REVIEW OF THE LITERATURE

Hydrogen sulfide removal- technology.includes a large number of
commercial processes along with several recent Taboratory developments.
Much work has been done on membranes for gas separations, including

some studies dealing with hydrogen sulfide.

A.  COMMERCIAL PROCESSES FOR CONCENTRATING H,S

The Targest number of commeréia] processes: for concentrating
hydrogen sulfide gas involve absorption of HoS into solution followed
by a regeneration step which separates the HoS from the absorbing
solution. | |

A1kano1amine solutions are used as the ébsorbent in many processes.
The Girbotal Process (2) and the Adip brocess (3) use aqueous solutions
of monoethanolamine, diethanolamine or triethanoTamine as absorbents.
_'The HZS reacts with the amines to form compounds which may be brokén
down by heat. The reaction form is: |

RNH, + H.S .+ RNH

o T H, HS

3
The solutions are regenerated by being héated. This drives off the

HZS fo form a conceﬁtrated H,S stream and an amine solution which is
recycled. The SNPA-DEA (4) Process uses a concentrated aqueous solution
of diethanolamine as.the solvent.

| Two Eommércia] processes have been developed which use an
alkanolamine combined with.other chemicals as the absorbent solution.

In the Amisol Process (5) the solvent consists of methanol, an additive,

—_
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and an organic base (diethanolamine or'triethanolamine); This solvent .-
has the advantage of high loading capacity and a Tow regeneration
temperature. The Sulfinol Process (6) makes use of an organic solvent,
sulfolane (tetrahydrothiophene dioxide), mixed with an alkanolamine and
water. Simultaneous chemica] and physical absorption of HZS takes
place using this solvent.

An" aqueous solution of the primary-aTkanq]amine HO~C2H4-0-CéH4-NH2
(trade named diglycolamine) is thé solvent used 1in tﬁe Fluor Econamine
Process (7). |

A number of proceséeS'have been developed which use carbonate
solutions for HZS absorption. The most widely used process of this
type is the Benfield Process (8). Hydrogen su]fide is removed by
contact with a potassium carbonate solution containing Benfield
- additives at high pressure (100 - 2000 psig). The solution is re-
generated by stripping at atmospheric pressure. A modification of
the Benfield Process, known as the Hi-Pure Process (9) uses two
different carbonate solutions in series. The advantage_of this proqes§
is that it produces a product gas contaiﬁing an extremely low concentra-
tion of'HZS (1-20 PPM). The Fluor Solvent Process (10) uses an |
anhydrous organic compound, propylene carbonate, for HZS removal. This
solvent 1is rggenergtedsimp]y by pressure letdown of the rfch so]Vent,
without the application of heat.

Two processes are available which use a potassium salt solution
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to absorb H,S. In the Alkazid Process (11) two types of absorbents aré
used. Alkazid 'DIK' (potassium salt of dimethyl amino aciticacid) is
used for the selective absorption of HZS' Alkazid 'M' (potassium salt
of methyl aminb propionic acid) is used f6r.simu1taneous removal of
CO2 and HZS' A potass%um salt solution containing a stable catalyst fs
used for absorption of HZS in the Catacarb Process (12).

Other commercial absorption processes include the Purisol Process,
the Rectisol Process and the Selexol Solvent Process. Physical
absorption of HZS in N-methyT-pyrrolidone is used in the Purisol

Process (13). The Rectisol Process (14) uses absorption in cooled

“methanol, and the Selexol Solvent Process (15) is based on the absorption

of HZS in dimethyl ether of polyethylene g1yco1.

B. COMMERCIAL PROCESSES FOR CONVERTING H

oS TO ELEMENTAL SULFUR

The most common method forconverting H,S to sulfur is the Claus

Process (16). In this process, gas containing hydrogen sulfide is

fed to a reaction furnace where it is burned with air. Part of the HZS

.

is oxidized to SO2 which reacts with the remaining HZS to form
elemental su1fur'according to the Claus reaction:
> 35+ ‘2H20-

ZHZS + 502

This process can only be used on a gas stream with a high concentration
of HoS (minimum H,S concentration is about 15%). Therefore, Claus units

are often used to treat the concentrated gas streams produced in-Tiquid
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absorption'HZS removal units.

The exit gas leaving a C]éus unit contains more—HZS than recent
environmental regulations allow (17). Therefore, a large number of
add-on systems for removing the'HZS from Claus Process tai]ngas-have
been developed. The major tail gas cleanup systems are: the Beavon
Process (18) which uses hydrogenation followed by treatment with
sodium carbonate solution, the IFP Process (19) 1n.wh1ch HZS and'SO2
are reacted stiochiometrically to elemental sulfur, the SCOT Process
(20) 1in which all sulfur compounds are'catalytica11y caﬁverted fo HoS
and then removed by absorption with an alkanolamine solution, the
Sulfreen Proces% (21, 22) which uses an activated carbon or alumina
cataiyst to convert H,S to elemental sulfur, the CBA Process (23)
which also uses a catalytic process to convert H,S to sulfur, the
Trencor M Process (24) which uses a proprietary.aqueous solution of -
methyldiethanolamine to absorb H,S, and the Catabon Proéess (25) in
which a complexed polyvalent metal ion oxidizes HZS to sulfur.

In the Holmes-Stretford Process (26) HZS is converted to elemental
sulfur by being scrubbed with an alkaline solution containing a
vanadium salt and an anthraquinone derivative. The H,S is converted to
elemental sulfur wﬁile the vanadium salt is reduced.

The Takahax Process (27) uses an alkaline sodium carbonate
solution (pH = 8.5) containing 1,4-naphthoquinone, 2-sulfonate as a

redox catalyst. Hydrogen sulfide reacts with sodium carbonate to.
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form sodium bisulfide and sddium bicarbonate. The bﬁsu1f1de 1s'ox1dized'
by the catalyst to produge fine particles of solid sulfur. |

The Konox Process (28).15 based on thé absorption of hydrogen

sulfide with a strong iron oxide oxidizing agent. Sulfur is produced

according to the following reaction: .

‘ 4Nazl~‘\e”04 + 6H,S > 4N;I1:2_\02 + 4NaOH + 4H,0 + 63

.An alkali arsenates and arsenites solution is used to scrub H,S
from feed gas in the Giammarco Vetrocoke Process (29). Sodium
thioarsenite is produced in the absorption step. The thioarsenite is
“converted to monothioarsenate in an oxidizing column. An air-blown
oxidizing column is used to decoﬁpose the monothioarsenate to elemental
sulfur and arsenite.

The Sulfox Process (30) uses an aqueous ammonia solution to scrub
HZS from the feed gas.stream. The rich solution is warmed, mixed
with air and passed over a catalyst which directs the oxidation of

the mixture to yield mostly sulfur, according to the reaction:
'NH4HS + 1/202 o S + HZO + NH3.
The sulfur forms a separate molten phase-which 1s withdrawn as product.

C.  LABORATORY SCALE H25 REMOVAL PROCESSES

Phillips Petroleum Company has tested molecular sieves for HZS
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removal (31). In a molecular sieve desq1furizer HéS'js adéorbed and a
- simultaneous rate-Timited, adsorbent-catalyzed reaction:of HZS With
any available 002 to form carbonyl sulfide occurs. The reversible

reaction involved is:
_).
HZS + QOZ < C0S + HZO

When‘carbony] sulfide appears fn the exit gas, the molecular sieve unit
must be regenerated. Five commerciallyavailablemolecular sieves were
" tested using feed gas containing 30-160 PPM HZS' The sieve which gave
the best results had a true H,S Toading of .88 1b H,5/1b sieve.

“ Adsorption of H,S on solid surfaces has been studied by a number
of investigators. Activated carbon acts as a catalyst as well as an
adsorbent (32). Inithe presence of free 6xygen H,S is catalyzed to
elemental su]fur according to the fo]]owing‘reaction:

active carbon

I HZS + 1/2 02 - 'HZO + S
Adsorption of HZS‘on manganese dioxidé.and activated carbon has been
§tudied at the University of I11in615 (33). Several activated carbons
were tested along with manganese dioxide imbregnated on sawdust. Both
the efficiency and capacity of the MNOZ-sawdust were found to be better
than those of any_of the activated carbons tested; Adsorption of
hydrogen sulfide on Amberlyst A26 ion exchan§e9resin has:been studied

(34). - Rate curves and éorption isotherms were determined for this -




system.
Removal of HZS using an organic solution which converts the HZS
to crystalline sulfur has been studied at the University of New
Brunsw{ck (35). It was found that the beét Tiquid phase system coﬁsisted
of.a mixture of 83 volume percent ethylene glycol monoethyl ether
(Ce]]oso]ve), 15% water and, 2% dibutylamine. The water was found to
act as a catalyst, since no reaction occurred in water-free mi%tures.
The dibutylamine allowed nucleation to proceed to produce granular
su]fﬁr. |
. The U. S. Bureau of Mines has developed three sintered materials
‘capable. of removing HoS from producer.gas at 1000°F to 1500°F (36). The
labsorbents are mixtures of ferric oxide and flyash, ferric oxide and
pumice stone, and red mud (a ferric oxide‘- containing residue from
bauxite processing). Red mud has the greatest capacity, aBsorbing
16 weight percent sulfur at 1000°F, 24% at 1250°F and 45.1% at 1500°F.
_ A number of HZS removal processes have recently been patented.
U. S. 3,502,428 (37) covers HpS removal with N-methylethanolamine in
2,2dimethyl1-1,3-dioxolane-4-methanol. U. S. 3,716,620 (38) describes
a process for purifying a gas containing HZS or a mercaptan, wherein
the'gas is contacted witha solution of iodine and an amine in an organic
solvent. Removal of acid gases from mixtures by washing with N-
substituted e-caprolactams is described in U. S. 3,653,809 (39).

U. S. 3,409,520 (40) describes an electrolysis process for removing
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H,S from a hydrocarbon gas mixture.

D. USE OF MEMBRANES‘FOR GAS SEPARATIONS

A 1arge_number of membrane systems have been developed for gas
separations. In order to effect a separation the membraneumaterial
allows one component of a mixture to permeate at a greater rate than
the others. The source of membréne selectivity is usually either
preferential solubility of the desired component or a Tower resistance
to transfer for one component than for others, or both (41).

A commercial.installation for the recbvery of hydrogen from a
refinery gas mixture using hollow fibers of dacron polyester has been
in operation_siﬁce 1969 (42).

The use of a membrane systems to separate helium from natural gas
has received considerable attention. Stern et. al. (43) studied a
large number of polymer materials with he]ium,.nitrogen, and methane
mixtures. Separation factors for He—N2 and He—CH4 systéms were reported
for 16 polymers including silicone rubber,'tef1on FEP, pb]ystyrene,
polyvinyl chloride, polyethylene, polyvinyl fluoride, mylar and saran.
Large scale tests have also been conducted on the use of cellulose
acetate films for. the separation of helium from natural gas (44).

The separatioﬁ of oxygen from air using an ethyl cellulose film
ha§ been studied (45). In a one-stage process oxygen could be enriched

to 32.6%.
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Laboratory scale seéaratioh information has been reported for a
- Targe number of polymer systems.. -Brubaker and Kammermeyer (46)
presented data for polyethylene with four gas systems (He—02,
COZ-HZJOZ—NZ, $05-0,-Ny NH3—H2—N2), Trifiuoromonochloroethylene with
two gas systems (C02-H2-02-N2, NH3—H2—N2) and cellulose acetate
butyrate with one gas system (COZ-HZ-OZ—NZ).. McCandless (47) tested
four po]ymer matéria]s (caproTaqtam, dacron, pary1ené C poly (monochloro-
.para~xy1y1ene),gnd*polyimide) with a binary gas system of cérbon
monoxide and hydrogen.

Tajar and Miller {48) reported data for the permeation of €0y,
02 and.N2 in a four component membrane system composed of polyethyt-
enimine, polyvinylbutyral, epoxy and wéter. This membrane system was-
found to be quite selective for CO2 over O2 and N2. Permeability
coefficient ratios on the order of 30:1 or greater were reported.

Modified vinylidene fluoride membranes have been used in two
studies. Seibel and McCandless (49) used viny1idene fluoride modified
with sulfolane for the separation of SO2 from Né. Separation factors
ranging from 30 to 100 were obtained.. Zavafetg (50) studied a number
of chemical modifiers for vinylidene fluoride in order to effect the
separation of 802 from N,. The modifiers tested included: sulfolene,
3-methyl sulfolene, p-amino sulfolene, phenyl sulfone, 4,4-sulfonyl
diphenoi, and tetrahydro-3-thiophenamine 1,14dioxfde. Membraneé

containing 18 weight percent sulfolene gave the best results. Mempranes -




- 12 -
of this composition allowed a-permeate stream containing 95.5 volume

percent 502 to be obtained from a feed stream containing 5.6% 502;

E.  MEMBRANES FOR SEPARATING H,S FROM GAS MIXTURES

There is some information in-the 1iferature concerning membrane
separations of HZS' U. S. 3,819,806 (51) has been .awarded to Ward,
Salemme and Mayer for an immobilized 1iquid membrane which is used to
separate HZS from a gas mixture. The dissociation of HZS in water

proceeds\aécording to the following reaction:

Hs 2 Y+ HsT

By forming an immobilized 1iquid membrénelfrom an aqueoué solution
containing specific anions, the acid to HS™ transfer so provided
greatly 1ncr¢ases the transport of HZS across the membrane from the
value expected based on diffusivity and solubility.

A recent paper presented by Matson and.Kimura (52) discussed
highly permeable and selective polymeric membranes for‘HéS removal
which are based on the principle of.facilitated ﬁransport. Chemical

reaction augments the diffusion process through the following reaction:

i = -> ' - . -
HZS + CO3 < . HS + HCO3

Robb (53) reported the permeabilities of a number of gases, including

hydrogen sulfide, in a dimethyl-silicone rubbér consisting of dimethyT
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siloxane plus 33% by weighf silica filler. The permeability of‘HZS in
~the film was significantly greater than that of the atmospheric gases
nitrogen and oxygen. The value of the permeability constant for HZS
is 1000 x 1072 ccgas (RTP) cm/sec cm2cmHgAP compared to 28 x 10_9
ccgas (RTP)cm/sec cmzcmHgAP for nitrogen and 6 x 10 -9 ccgas(RTP)cm/sec
cmzcmHgAP for oxygen (RTP 1nd1cates room temperature and pressure)

Dimethyl silicone membranes which have much greater permeability
to HZS than atmospheric gases héve'been developed by Génera1 Electric
(54); Permeability of H,S is reported as 840 x 1072 cégas(RTP)cm/sec

-9 ccgas (RTP)cm/sec cmzcmHgAP for nitrogen

cmzcéHgAP compared to 25 x 10
and 50 x 10_9 ccgas (RTP) cm/sec cmzcmHgAP for oxygen.

The permeability of several commercial films to hydrogen sulfide
gas was studied by Heilman, et. al (55). The films tested included
Nylon 6 polyamide, cellulose acetate, rubber hydrochloride, cellulose,

.po1yethy1ene, poly vinyl butyral, polyvinyl trifluoroacetate, mylar,

polyvinylidene chloride and ethylcellulose.




THEORETICAL BACKGROUND

"A.  NATURE OF THE TRANSPORT PROCESS ' ’

The permeation of a gaseous mixture through a polymeric material
1ﬁvo1yes three transport stages (Figure III-1).
These stages are:
(1). Transport from the gas mixture tb the membrane surface.
"(2) Transport through the membrane.

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

B.  TRANSPORT THROUGH A GASEQUS FILM

In gas-phase permeation, transport to the membrane surface and
“from the membrane surface provﬁdes negligible resistance compared to
- that of transport through the ﬁembrane (55). The concentration gradient
between the high pressure side of the membrane and the bulk gas can
be greatly reduced by maintaining a high gas flow rate across the high

pressure side of the membrane; as was done 1in this study.

C.  TRANSPORT THROUGH A POLYMERIC MEMBRANE
The basic equation describing membrane diffusion transport at

steady state is (57):

2
aC b1 ¢
' a D a .
N.=-D - : (1)
a o7 ZCm 322 |

This equation differs from the Fick's first law equation by

addition of the second term due to the presence of the membrane. In
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FIGURE III-1.  CONCENTRATION PROFILES OF COMPONENT a IN THE
MEMBRANE AND ITS VICINITY
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gaseous diffusion the second term is usuai]y negligible (58).

Neglecting this term yields
' aCa

L . (2)
which is the mathematical expression of Fick's first law for steady
state diffusion.

_'Since the concentration is a function only of distance through

the membrane, whole derivatives can be used.

dC

R ©

-If an average value of the diffusivity is used, Equation 3 can be

integrated subject to the following boundary conditions:

1=1 C.=¢C

1 a al
R (4)
to give '
' Z4 Ca1
N, S dZ = -D f dC ' (5)
a7z . C a .
2 al
doing the integration resu]ts,in'the expression-
N (Zy = Z5) = -D (Cyq - Cyp) | (8

-

(Z2 - Zl) represents the thickness of the membrane, L, so the following -

equations can be written:
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or '
Ny = _"{?~; (Cy. - C,)) | (8)
17 %
The soTubility of a gas in a polymer at equilibrium can be -
described by a Henry's Law expression, where the constant S represents

the solubility of the gas in the polymer.

C, = Sp, - | (9)

Since the permeation process is generally slow, the use of this
equi]ibrium relationship between the concentration of sorbeq gas and
the partial pressure at the interface can be used. | |

Substituting the Henry's Law expression into equation 8 results

in the expression:

N, = (3100, Yo = S2(P, )o) - (10)

If solubility is assumed to bela function only of temperature,
and both membrane surfaces are at the same temperature, then
Sy =S5 =S ' . y (11)
and,

Ny = 1Ry g = (7 Do) (12)
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The partial pressures at the interfaces can be expressed in terms
of the total pressures:
pal = P.x . (13)

p, = Poy.
a2 2 2,

"Making this substitution yields:

N = DS (P]_(Xa-' )0 - PZ(‘)faZ)O)

) : (14)

From this expression it is clearly seen that the flux of gas
“through a membrane is dependent on so]ubiiity and diffusivity of the
gas in the membrane. One of the objectives of this research is to

add plasticizers to polymeric membranes in order to increase solubility

and thereby increase the flux of the desired component (HZS)'

D. POLYMER CHEMISTRY ASPECTS

Gases are transported through a po]ymeric.nohporous membrane by
means of diffusion. As can be seep from Equation.14 the process depends
on the solubility of the penetrant—in'the membrane as well as the
mobility . of the penetrant molecule in thé polymer matrfx.

At a given moment a penetrant mo]ec&le can be visualized as
occupying a vacant site existing between adjgcent po]yheh chains. The
penetrant proceeds, under the influence of a concentratiqn gradient,

from one position to another and eventually achieves a finite jump in
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the direction imposed by the concentration g}adient.' The overall motion
of a particle consists of a series of steps or diffusional jumps.

Gases are unable to permeate fhrough crystalline regions of a
po]ymeﬁ because polymer chains in these regions are tighﬁ]y Tinked,
]eqving ho vacant sites for gas molecules to move into. Crystalline
regibns have several other negative effect; on the rate of gaseous
diffﬁsion through a polymer. - The three principle effects are: the
reduction.in the available polymer volume for diffusion, the tortuosity
involved in by-passing crystalline areas, and the dec%eaée in the
mbbi]ity of amérphous chain segments as ayresu]t of the presence of
.crystalline regions which may act as crosslinks.

At the glass transition temperature of a polymer there is a
change in physical properties of the po]ymer. Above the glass transition
temperature there is increased molecular freedom. That is, molecular
chain segments are free to vibrate and twist. Movement of pehetrant
molecules through the polymer is much easier above the glass transition
temperature. |

The addition of plasticizers ér modifiers to a polymer has several
effects. P]asticizers‘increase the diffusivity of a given gas or
vapor. The increase is attributed to the increase in.pOTymer segmental
mobility as a result of lower cohesive forces between chains (59).
Modifiers also lower the gléss transition teﬁperature by allowing for

increased mobility of polymer chain segments.- Solubility of gases or
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vapors may -also be greatly increased by the addition of modifiers,
particularly when the gas or vapor is soluble in the modifiér. The
net effect of modifier addition is a marked increase in the gas

permeation rate.

E. TEMPERATURE EFFECTS

As can be seen from Equation 14:
DS(Pl(xal)O - Pz(yaz)o)
Na - : L

the effect of temperéture on permeation f1hx will dépend primarily on
the‘manner in which diffusfvity (D) and solubility (S) depend on
temperature if the operafing preésures'remain éonstant.

The temperature dependence of diffusivity conforms with an
Arrhenius-type relationship (60),

, -E/RT
D=10%e¢ - | (15)

By meaéuring diffusivities at several temperatu}es an Arrhenius
plot of InD vs 1/T yields the activation ene}gy for diffusion of the
penetrant in the polymer (61).

It is clear, then, that increasing the temperature of a pérmeation
system will cause the diffusivity to increase exponentially with
absolute temperature.

For sorption of gases.into solid polymer systems, solubility

also follows an Arrhenius-type relationship (62),
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o -Ah/RT :

S=S"e ' (16)
where Ah is the apparent heat of solution. Another means of expressing -’
this dependence on temberature is in terms of the Henry's.Law constant
(63), | |

o ~An/RT ‘ o

H=H e _ _ : (17)
Thus, increasing temperature 1ncreases_gas solubility in an
unmodi fied bo]ymer film. |
. However, for modified films to which 1iquid modifiers have been
added, the tempefature effect on solubility is more complicated.
| The so]ub%]ity of gases 1in 11quid modifiers usually decreases as
temperature is increased. Since the gases are much more soluble in
the modifier than in the base polymer, it is possible that this effect
outweighs the increased solubility of gases in the polymer. Therefore,
flux could actually decrease with 1ncreasing'temperature.
For a modified polymer film,diffusivity increases as temperature
increases, while the solubility teym is acted on by opposing effects.
For unmodified films, diffusivity increases. as temperature
increases and the solubil ty of.the gases in the polymer also increases.
However, studies wit. polyethylene (64) have shown that both
solubility and diffusivity .re dependent on crystallinity. Solubility
was found to be directly proportional fo the volume percent amorphous

material present. It is reasonable to assume that this crystallinity
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dependence will be true for ofher éystems including the films tested ‘in
this research. Therefore, differences between the temperature-permeate -
flux relationship for different films may be due to differences in
crystallinity. _ |

" Because different gases have different values of activation energy
for diffusion and heat of solution, the values of diffusivity and ‘
solubility constants will change at different. rates with temperature.
Therefore, a change in temperature will change the composition of the

permeate gas.

F. DEFINITION OF THE SEPARATION FACTOR

The local separation factor o of component a in a gaseous mixture

is defined as: '
. v,/ (1-y,)

% ~ Xa/ (1=x) (17)

If perfect mixing can be assumed, the local separation factor 0

has a constant value for any point in the membrane and is identical to

the overall separation factor a.

The separation factor,which is ana]ogous to the fre]ative
volatility" in distillation, gives an idea of the selectivity of a
membrane with respect to a component of a'gaseous mixture. The higher
the separation factor, the higher the selectivity for the desired

component.




EXPERIMENTAL EQUIPMENT, MATERIALS, AND PROCEDURES

A.  DESCRIPTION OF EQUIPMENT

The arrangement of the experimental equipment used in this
permeation study is shown échematica]]y in Figure IV-1. The equipment

consists of the following parts: the permeation. cell, a.constant

temperature enclosure and temperature measuring instruments, gas mixture

storage and feeding equipment, purge gas system components, permeate
rate measurement equipment, gas composition analysis equipment, and
equipment for analyzing the surface and composition of membranes.

A description of the individual components follows:

(1) Permeation Ce]1.

| A diagram of thé permeat%on cell is shown in Figure IV-2. 1t is
fabricated from two stain]eés steel blank. flanges which are 5/8 inch
thick and 4.5 inches in diameter. A cavity is machined into each
flange. On the high pfessure side the cavity allows feed gas to
circulate and move across the membrane surface. On the permeate side

a porous stainless steel disk covered with filter paper is placed in
the cavity to subport the membrane. .The membrane is sealed between

two teflon gaskets and the permeation cell is clamped shut by eight
equally-spaced bolts. The gasket openingé, which determine the exposed

2

membrane surface, have an'aréa'of 20.3 cm~. The cell has a tubular

thermocouple well on the high pressure side.-
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FIGURE IV-1.

SIMPLIFIED DIAGRAM OF PERMEATION EQUIPMENT

_VZ—




To Purge Gas
System

Permeate to
» Measurement

b

20

SES

2,27
1
O

High Pressure l
Gas to Vent

(1) Membrane (2) Thermistor and Thermocouple (3) Gaskets
(4) Filter Paper (5) Porous Stainless Steel Disk

FIGURE IV-2.  PERMEATION CELL DIAGRAM

| IR




- 26 -

(2) . Constant Temperature Enclosure and Temperature Measuring Equipment

The constant tempefatufe enclosure is constructed from a section of,
18 inch diameter asbestos pipe 12 inches high.. The pipe wall thickness
is 3/4 inch. The bottom of the enclosure is sealed with a 1/4 inch
asbestos board, and the bottom and sides of the enclosure are iined
with 3/4 inch thick fibergiass insulation. The 1id of .the enclosure
A consisfs of 3/4 dinch insulation sandwiched between-i/4:inch asbestos
boards. To.insure a tight seal the insulation and Tower board héve a
diameter equal to the inner diameter of the enclosure while the top
asbestos board has a diameter equal to the-outer diameter of the constant
temperature enclosure. Gas Tines enter the enclosure through grooves
cut in the top surface of the asbestos pipe section.. Two 1/4 inch
holes are cut. in the top of the enclosure. A thermometer is placed
in one, and the other provides access toa silicone rubber septum which
allows éamp]es of the_permeate.gas to be taken withoﬁt disturbing the
constant temperature enclosure. The permeate line lTeaves the enclosure
~ through a 1/4 qinch hole in the side of the enclosure.

For runs above room temperature, heaf is provided by two 500 watt
heaters placed in the bottom of the enclosure. The heaters are covered
' witﬁ a piece of asbestos board to shie]d.the permeation ceil and feed
lines from direct exposure to the heaters. - The input current to one
of the heaters is controlled by a Powerstat (The Superior Electric

Company) variable transformer, while the input to the other heater is
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controlled by a Thermistemp Model 63 thermistor temperature controller
(Yellow Springs Instrument Company) through another Powerstat variable
transformer. The system is diagrammed in Figure 1IV-3. The thermistor
probe and an iron-constantan thermocouple for temperature measurement
are mounted in the thermowe]] section of a tee located at the gas iniet
to the high pressure side of the permeation cell. The thermocouple is
connected to a Speedomax Type G (Leeds and Northrub) chart recorder.

A high speed 24 watt fan (Pamotor Model 4500) is mounted on the asbestos
baffle to circulate air and insure uniform temperature in the enclosure.

A mercury thermometer is used to determine the temperature of the

.air inside the enclosure.

(3) Gas Mixture Storage and Feed Equipment

The feed gas mixtures are stored in 285 ft3 (STP) size gas cylinders
(National Cylinder Gas Division of Chemetron Corporation). Flow is
contralled using a Matheson Model B16 corrosion-resistant pressure
regulator. The regu1ator.pressure is set just above the desired
operating pressure. A Grove Mighty Mite back pressure regulator
located downstream of the membrane test cell is used to set the
operating pressure. Operating pressure is checked using a Matheson
Company pressure gauge located just upstream, of the back pressure
regulator. Gas flow rate is determined using a ca]ibrated rotameter

(Fischer and. Porter Company) placed after the back pressure regulator
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and is set using a Whitey micro-metering valve with a vernier handle.
To insure uniform gas temperature, a 60 foot coil of 1/8 inch stainless -
steel tubing is connected into the feed 1ine just upstream of the
membrane surface. A1l tubing in the feed éystem is 1/8 inch stainless

steel.

(4) Purge Gas System Components

To remove all nitrogen from the‘pehmeate line, and thereby
increase the accuracy of permeate composition measurements, a purge
gas system is used. The purge gas system is shown in Figure IV-1. It
includes a gas c&]inder (Matheson Companyj equipped with a Matheson
pressure regulator and a metering valve. Purge gas is fed from the
cylinder through a check valve, a block valve, and then into the

permeate Tine. Both helium and carbon dioxide are used as purge gases.

(5) Permeate Rate Measurement Equipment

The rate of permeation is determined by timing the movement of a
. column of pump o1l (VanWéters & Rogers) inside a-calibrated 4 foot
section of teflon tubing (Chemp]qst Inc. Chemfluor Special FEP Tubing).
The tubing is calibrated by determining the weight of water required to
fill a given Tength of tubing. The volume per unit length of the
tubing has been determined to be .034 cc/cm. The.oi1 is moved into
reading position by drawing gas out of the permeate line through a

silicone rubber septum with a .5 cc gas syringe.
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(6) Gas Composition Analysis Equipment

Gas samples are taken through silicone rubber septums placed in
the feed and permeate 1fnés using a .5cc "pressure-]ok" syringe
(Precigion Sampling Corporation), .

Samples are analyzed using a Varian Aerograph Series.1400 thermal
. condyctivity gas .chromatograph coupled with a Sargent Model SR chart
recorder. The chromatograph column is a 6 foot sectibn of 1/8‘1nch
sta1n1ess'stee1 tubing packed with Porapak Q-S paéking (Waters
Associates, Inc.).

The following operating conditions are used:

Column Temperature - 115°C

- Detector Temperature - 110°C
Carrier Gas. Flow - 17.6 ml1/min
Detector Current - 150 milliamperes
Carrier Gas - Helium

The chromatograph is calibrated using different volumes of pure
nitrogen and hydrogen sulfide.

It has been found (65) that fpr this system duplicate analyses of
gas samples of known compositions are accurate to about 1% of the

absolute amount present.

(7) Membrane Surface and Composition Analysis Equihment

A Carl Zeiss multi-ocular 1ight microscope is used to examine the
surfaces of all vinylidene fluoride membranes for holes or other defects.

iThe microscope allows magnifications of 40x, 100x, 200x and 400x to be




S =31 -
used.

Many of the modified vinylidene fluoride membranes have been
examined using a scanning electron microscope (I1.S.I. Model SMS 2-2
"Super II", manufactured by International Scientific Instruments, Inc).
The electron microscobe ines clearer images and allows higher
magnification to .be used. Also, photographs are.made fhrough the
electron microscope to provide a record of the surface. characteristics
observed. '

To check for the presence of residual dimethylformamide solvent
in the vinylidene fluoride membranes, samples of a membréne made with
no modifier are tested using an infrared spectrophotometer (Beckman
Instruments Model IR5A). Membrane samﬁ]es are ﬁounted in stiff

paper holders for testing.

B. MATERIALS

The following is a Tist of the materia]s'used in this reéearch:
1. Vinylidene Fluoride = used as the.base polymer for many of
| the membranes tested in this study. Vinylidene fluoride resin fs
commercially avéi]ab]e under the tradename of Kynar, Grade 301 from
Pennwalt Corporation.. No:antioxidants are used in the resin.

2. Dimethylformamide - used as a solvent for vinylidene fluoride
and the modifier to form a solution from which membranes are cast.

Baker grade dimethylformamide was purchased from J. T.-Baker Chemical
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Company . |
3. Sulfolene - purchased from Phillips- Petroleum Company in
1 1b. containers. '

4, 1-Methyl-2-Pyrrolidinone - purchésed from J. T. Baker Chemical

Company in 500 g bottles. !

15. Monoethanolamine - obtained from Unioﬁ Carbide Corpdration
in 32 fluid ounce containers. _ |
| 6. Triethanolamine - obtained from Union Carbide Corporation
in 8 fluid ounce bottles. ”
| 7. 3-Methyl Sulfolene - purchased from Phillips Petroleum
"Company in 1 1b containers. _
8. Monoisopropanolamine - obtained from Union Carbide Corporation
in 8 fluid ounce containers. |
9. Diiébpropano]amine - obtaihed from Union Carbide Corporation

in 8 fluid ounce containers.

10. Morpheline - obtained from Union Carbide Corporation in 8

. fluid ounce containers.

+

11. Hydrogen Sulfide - purified grade, purchased from the
Matheson Company in cylinders containing 22 pounds.

12. Nitrogen.- Tlaboratory grade, purchased from Chemetron Corpora-
tion in cylinders containing 285 cubic feet (STP).

13. Helium - laboratory grade, purchased from Chemetron Cdrporatién

.in cylinders containing 285 cubic feet (STP).
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14. Carbon Dioxide - industrial grade, purchased from Chemetron
Corporation in cylinders with a net weight of 20 pounds.

15; Polysulfone film - compound P-1700 polysulfone film (.002 inch
thick) was obtained from Union Carbide Corhoration.

16. Dimethyl Silicone film - unbacked film was purchased from
General Electric Corporation in standard 1 foot by 1 foot squares with
a thickness of 1 ﬁil.

17. Si]ipone Polycarbonate Copolymer film - tradenamed MEM-213,
this film was purchased from General Electric Corboration }n standard
1 foot by 1 foot squares with a thickness of 1 mf]. .

18. Polyamide film - two different types of this fi]m, tradenamed
Capran, were obtained from Allied Chemical Corporation. Capran 77C
sheets 1 mil thick were tested at low temperatures. Heat stabilized
Capran 80 film 1 mil thick was tested at higher temperatures.

19. Polyethersulfone film - waé obtained from I.C.I. United States,
Inc. in sheets having a thickness of 2 mil. |

| 20. Poly Vinyl Fluoride film - DuPont "Tedlar" film number
100AG30UT was obtained in 8-1/2 inch by 11 inch sheets .001 inch thick.

21. Filter Paper - Whatman qua]itatjve number 5.'

22. Masking tapé - Highland brand uti]itylgrade tape was purchased
in rolls 3/4 inch wide x 60 yards.

23. Rate Measuring Fluid - pump oil from Van Waters & Rogers

. Company, Catalog Number 54996.
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C. EXPERIMENTAL PROCEDURE

(1) Preparation of Gas Mixtures

The gas mixtures of HZS-N2 are prepared as follows:

A'gas cylinder is evacuated using a vacuum pump. The cylinder is
pressured up with HZS to the required pressure. E

Nitrogen js then added until the éhosen final pressure is reached.
The cylinder is then placed close to a heater for one week to insure
that complete mixing will take place. The mixures are found to be

very uniform in composition based on periodfc analysis with the

calibrated gas chromatograph.

(2) Calibration of Gas Chromatograph

The Porapak Q-Scolumn ysed for analysis of HZS/N2 mixtures is
calibrated using different volume samp1e§ of pure hydrogen sulfide
and nitrogen; The samples are taken with a .5 cc'"pressure-lok"
‘syringe,(Preéision Sampling Cofporatioﬁ);thrbﬁéh a silicone rubber
septum mounted on a low pressure regulator at 10 psig.. Samples are
analyzed using a Varian Aerograph Model 1400 Tow volume thermal
conductivity gas chromatograph coupled with a Sargent Modé] SR chart
recorder. The sample tests are repeated several times to insure
reproducibility, which was fouhd to be very good. The HZS and N2
peaks recorded on the recorder chart paper are then copied on a Xerox

copier using standard copying paper (4024 dual purpose white) and the
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resulting peaks are cut out and their weight determined using a Mettler

precision balance (sensitivity to 1 x 107

grams). Figure IV-4 shows
this calibration data as a function of the product peak weight x )
éhromatograph attenuation. The chromatograph response is quite

linear. Weight x attenuation values are determined for both components
in HZS mixtures ranging from 0 to 100% HZS at 5% intervals using the
data on Figure IV-4. For example, for 10% HZS’ the weight x atténuation
for .05 cc HZS and .45 cc NZ are determined from the graph. Area
percent HZS is then correlated with volume percent HZS by calculating .
the value of HZS wetght x attenuation divided by the total weight x

attenuation value. The resulting calibration curve is shown in

Figure IV-5.

(3) Calibration of Exhaust Gas Rotameter

The rotameter is calibrated using a wet test meter at room
temperature (23°C). Corrections are made to account for the increase
in humidity of the gas. The calibration curve is shown in Figure IV-6,

together with the experimental data used in its determination.

(4) Membrane Manufacture

The two main steps in membrane manufacturing are formation of the
membrane so]utﬁon and casting of the solution to form a film.
The membrane solution is formed as follows:

A pyrex beaker is carefully cleaned and weighed on a Mettler




Peak Weight x Attenuation (grams)

20

£

10

o

T T T T T I I ! |

Temperature = 23°C

P Atmospheric Pressure=

25.37in Hg

s o Nitrogen

g Hydrogen Sulfide

1 1 i 1

-
-

.05 .1 Tk al s o3 3D 4 45
Sample Volume (CC)
FIGURE IV-4. CALIBRATION OF GAS CHROMATOGRAPH-SAMPLE

VOLUME vs. PEAK WEIGHT x ATTENUATION FOR
NITROGEN AND HYDROGEN SULFIDE




Hydrogen Sulfide Volume Percent (%)

g X

100 I 1 | 1 I ] i 1 ]
90 . 5

80"' . -

60

T
|

50 |- ; -

40 0 : -

30} 0 o

20 0 -

10| : &l

I | | | | | | 1 1

10 20 30 40 50 60 70 80 90 100
Hydrogen Sulfide Area Percent (%)

FIGURE IV-5.  CALIBRATION CURVE FOR GAS CHROMATOGRAPH - AREA
PERCENT OF HZS vs. VOLUME PERCENT OF HZS




Flow Rate (Liters (STP)/Hour)

- 38 -

Rotameter Reading

FIGURE IV-6.  ROTAMETER CALIBRATION CURVE-FLOW
RATE (STP) vs. ROTAMETER READING
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balance (sensitivity 1 x 10_3g). The membrane modifier is then weighed
into the beaker. The appropriate amount of vinylidene fluoride is
then weighed out on weighing paper and added to the beaker. The
composition of the membrane on a solvent-free basis is determined by
the relative amounts of vinylidene fluoride and modifier added to the
beaker. Dimethylformamide solvent is added in the ratio of 5.7 cc
dimethy1formamide per gram of vinylidene fluoride. The mixture is
stirred with a chemical spatula for about ten minutes. Then, the
beaker is tightly covered with polyethylene fi1m and pleeed on a hot=
plate set for Tow heat until complete dissolution is achieved. The
covered mixture is then allowed to sfand at room temperature for a
period with occasional stirring to'insure complete solution of the
pd]ymer in the solvent. This period is 15 days for .the membranes whose
testrresalts ere presented in this thesis. ’

The 15 day solution period was found te be'necessary based on the
‘results of microscoeic examination of membrane surfaces. Electron
photomicrographs showed that by allowing 15:days for polymer to go
cemp]etely into so]ution membranes with uniform hole-free surfaces were
produced. Membranes formed from polymer solution with.no waiting period,
and with a 24 hour waiting period, had rough surfaces and many of them
contained.holes.

Following the waiting period, a membrane film is formed from the

_polymer solution as follows:
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A glass plate is prepared by placing layers of masking tape
along the four edges of the plate to form raised edges. Six layers of
tape form a ridge about 2 mil high. The plate is then carefully
cleaned. Next, the polymer solution is uncovered and placed in a cﬁamber
. connected to the ”hoﬁse vacuum" system (16-inches Hg vacuum) for 30
minutes. This is done to de-gas the solution. The solution is then
poured onto the glass plate and evenly distributed by dréwing a glass
rod across the plate while the rod rests on the masking tape. The glass
plate is next placed in an electric drying oven at 120°C for 30 minutes.
Fo]]owihg removal from the oven, the p]qte is allowed to cool to room

temperature before the membrane is stripped off.

(5) Microscopic Examination of Membrane Surfaces

Each_modified vinylidene fluoride .membrane is checked for Teaks or
other defects by examining several areas of the membrane under a Tight
microscope. '

In order to.get a better view of the hembrane surféce,and as a
further check for leaks, small sample pieces of several of the membranes
have been examined using a scanning electron micfoscope.- Some samples
taken from membranes after they had been tested were also viewed using

the electron-microscope.
\
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(6) Test for the Presence of Residual Solvent Using Infrared Spectro-
scopy .

A vinylidene fluoride membrane produced with no modifier was tested
using an infrared spectrophotometer in order to check for the presence
of residual dimethylformamide solvent. The carbonyl group in dimethyl-
formamide pfoduces strong absorption at a wavelength of 6.05 micron;.
Therefore, the presence of.dimethylformamide could be detected by
checking for absorption in this region. Samples which had been dried
by heating for 24 hours in a vacuum chamber were also tested to check

for residual solvent.

(7) -Preparation For a Test Run

The following steps are taken before a test run is started:

i) The membrane is mounted in the test cell with the membrane
3urféce that was in contact with the glass plate facing the
high pressure side of the cell.

ii) The test cell s mounted into the constant temperature
enclosure. Feed, exhaust, permeate and purge 1ines are
connected to the cell. The thermister temperature probe and
thermocouple are placed in the fhermocoup]e well on the
high pressure side of the membrane.

iii) The constant temperature enclosure is covered and its
temperature 1is brought to the desffed Tevel by setting the

temperature controlier. A temperature recorder_is used to
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monitor temperature.
Air is purged out of the permeate section of the apparafus
by opening the valves controlling the flow of purge gas into
the system. The free end of'the~permeate line is placed in an
0il bath to provide a 1iquid seal. Purge gas is’ fed through
the permeate system at a pressure of about 5 psig until

chromatographic analysis of the gas in the permeate line

'.indicates that no nitrogen is present. The flow of purge gas

is then stopped by closing the block valve in.the purge line.

Test Run Procedure

‘A test run includes the fo]]owiné procedures:

i)

111)

The valve controlling the flow of feed gas into the system

is opened and the micro-metering valve is adjusted to set

“the flow rate of feed gas at the desired value. A flow rate

of 2 liters per hour is used in a11:runs.

0i1 is drawn into the permeate line by rempviné gas. This is
done by inserting a .5 cc’syringe into the septum in the
permeéte Tine and drawing out gas samples. 0il is drawn into
the permeate Tine to a point as close as possible to the
test cell. ' |

The perméation rate of gas is measured by'timing the movement

of 011 out of the permeate line. These measurements are
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recorded and used to compute permeate f]ux:
iv) Permeate samples are taken by inserting a .5 cc syringe into
the septum in the permeate 1ine and drawing out gas samples.
The sampies are analyzed using thé calibrated gas chromatograph.
.. When chrgmatograph output sﬁows three samples to be the same
and the measured permeate rate is constant, steady state is

- . assumed.

Stern and his colleagues,  using a similar apparatus, reported the

accuracy of permeation measurements to be on the order of 5% (66).




EXPERIMENTAL RESULTS AND DISCUSSION
.A. MODIFIED VINYLIDENE FLUORIDE FILMS

(1) Materials Tested

Modifiers were chosen for testing primarily on the basis of:HZS.
so1ub11ﬁty as demonstréted by use in HZS ébsorption processes reported
in the literature. It is also necessary that a modifier be soluble in
dimthy]formamide and have a boiling point high enough that it will
not be driven off at the 120°C temperature used in the membrane drying
step.

The following chemicals were tested as modifiers in vinylidene
fiuéride ﬁembranes in order to improve fhe membranes' permeation
‘characteristics with respect to hydrogen sulfide:

- Sulfolene
- 3-Methyl sulfolene
= 1-Methyl1-2-pyrrolidinone
- Morpholine
* -~ Monoethanolamine
- Triethanolanime
- Diisopropanolamine
- Monoisopropanolamine

A1l membranes are formed from dimethylformamide solutions with a
modifier concentration of 10 weight perceﬁt used for all films except
those containing sulfolene. 12 weight pércent sul folene is used.

The membrane solution is allowed to stand for 15 days before
casting to insure comb]ete solution of the vinylidene fluoride

polymer in the solvent. Membrane solutions are de-gassed by being
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placed in a vacuum chamber at 16 inches Hg vacuum for 30.minutes.
Films are formed by pouring the pp]ymer solution onto a glass
.p1ate,_the edges of which have been'raised with Tayers of masking tape,"'
and placing the plate in an oven for 30nﬁhutes at 120°C to drive off '

the solvent.

(2) 'Results of Microscopic Analysis

At the start of the project several membranés were made up by .
dissolving viny]ideng fluoride and modifier in the solvent by heating
the mixture on a hot-plate and pouring the solution onto a prepéfed
glass plate as soon as a homogeneous polymer solution was formed.
Results of test_runs madé using these membranes were very inconsistent.
Different membranes with the same composition gave vastly different
test results.

To aid in expiaining membrane behavior, surface characteristics
were checked using a scanning electron microscope. Exxon Research
and Development Company (Baytown, Texas) provided electron photo-
micrographs of a vinylidene fluoride film modifigd with 15% sulfolene.
Figure V-1 is a surface view of the film magnified 500x and Figure V-2
is a cross section vjew at 600x magnification. As can be clearly seén
in the photomicrographs, the .membrane surface is very uneven and contains
multiple holes. The cross section view shows that the holes extend
through the membrane. The largest hole in Figure V-1 has a longest side

=3

length of about 2.6 x 10° cm (2.6 x 105 angstroms). This is several
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FIGURE V-1. SURFACE VIEW OF MEMBRANE CONTAINING 15%
| SULFOLENE AT 500 x MAGNIFICATION - MEMBRANE
‘ FORMED IMMEDIATELY FROM POLYMER SOLUTION




W

FIGURE V-2. CROSS SECTION OF MEMBRANE CONTAINING 15%
SULFOLENE AT 600x MAGNIFICATION - MEMBRANE
FORMED IMMEDIATELY FROM POLYMER SOLUTION
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orders of magnitude larger fhan the size of HZS and N2 molecules
(around 10 angstroms).

Even with the obvious holes present, these membranes had not.
leaked, but had held gas at a pressure dfiSOO psig. Therg ére two
possible explanations for this fact. First; it is possibie that thé
high, vacuum present in the electron microscope causes residual-solvent
to boil off, leaving holes in the polymer structure. Thus, ho]es that
are not present when the films are tested can be found when electron
photomicrographs are made. Second, it is possible that under high
pressure the thick areas of the membrane are cohpressed, c]oéing off

"the holes. This phenomenon would leave a nonuniform surface which
could account for the inconsistent initial separation results.

It was a;;umed that the e]ectfon microscope vacuum did not cause the
holes, because checks of samples with a 1ight microscope showed no
differences between samples wﬁich had been tested with the electron
microséope and those which had not.

Two main possible causes for.jhe holes are présent. First, due to
the very slow rate at which polymers go into solution, it is possible
that polymer swe]]ing'in the solvent had occurred but that solution
wasn't comp]efe when the memBraneé were éast; The upper surface shown
in Figure V-2 appears to be composed of polymer spheres loosely joined
together.  This could be dﬁe to 1ncomp1ete solution. That is, the

membrane may be formed from many separate masses of swol len polymer
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joined together. Second, gases trapped.in the polymer solution during.
stirring and pouring would be driven off in the drying step. Perhaps
this boiling-off of trapped gas results in holes in the membrane.

In an attempt to eliminate these effe&ts, membrane solutions were
allowed to stand for 24 hours before pouring to allow time for all the
polymer to go into solution, and membrane solutions were de-gassed by
being placed in a vacuum chamber at 16 inches Hg vacuum for 30 minutes
Jjust before the membranes were cast. Electron photomicrographs were
made on several membranes formed in this manner. Figu}é V-3 is a
surface view of a membrane modified with 12% sulfolene. While there
are two small holes present, it should be noted that there are also
several depressions in the surface which clearly do not extend all the
way through the membrane. The ‘membrane surface also appears more
uniform than that shown in Figure V-1. Figure V-4 shows a membrane
modified with 10% Qiisopropano]amine at 700x.” Again, holes are bresent,
but their size is much smaller than those found 1ﬁ Figure V-1. No
holes are present in a surface photomicrograph of a membrane containing
10% 1-methyl-2-pyrrolidinone at a magnification of 400x (Figure V-5).

A view of a membrane containing 5% triethanolamine moaifier at a
magnification of 700x is shown in Figure V-6. Again, no holes are
present and the surface appears duite uniform.

The steps which had been taken to 1mp¥ove the membrane surface

characteristics appear to have been partially successful. By allowing
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FIGURE V-3. SURFACE VIEW OF MEMBRANE MODIFIED WITH
12% SULFOLENE AT 400x MAGNIFICATION -
POLYMER SOLUTION DE-GASSED FOLLOWING A
24 HOUR SOLUTION PERIOD
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FIGURE V-4. SURFACE VIEW OF MEMBRANE MODIFIED WITH
10% DITSOPROPANOLAMINE AT 700x MAGNIFICATION -
POLYMER SOLUTION DE-GASSED FOLLOWING A 24 HOUR
SOLUTION PERIOD




B0

FIGURE V-5. SURFACE VIEW OF MEMBRANE MODIFIED WITH
10% 1-METHYL-2-PYRROLIDINONE AT 400x
MAGNIFICATION - POLYMER SOLUTION DE-GASSED
FOLLOWING A 24 HOUR SOLUTION PERIOD
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FIGURE V-6. SURFACE VIEW OF MEMBRANE MODIFIED WITH 5%
TRIETHANOLAMINE AT 700x MAGNIFICATION -
POLYMER SOLUTION DE-GASSED FOLLOWING A 24
HOUR SOLUTION PERIOD
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the membrané solution to stand for a period of time, a more uniform
polymer film is produced.

Test runs attempted with these membranes showed that they were
gas—tight, even though holes were present in some samples. Data from
these runs and the runs made on films poured immediately were diﬁcarded
because of the possibility that the presence of holes had affected
experimental results. '

'In order to further insure complete solution of the polymer,
membrane mixtures were allowed fo stand for 15 days with occasional
stirring before membranes were cast. Membrane §o1utions were also
de-gassed in a vacuum chamber at 16 inches Hg for 30 minutes before
membranes were cast. |

All data_on modified vinylidene fluoride membranes recorded in
this study are for fest runs made on membranes prepared using a 15 day
waiting period.

The membranes were checked, using a light microscope, for holes
and other surface discontinuities before teétingl Poor resolution With
the 1ight microscope Timited the usefulness of this procedure.

E1ectroﬁ photémicrographs of several of the films for which data
are recorqed in this study are shown in Figures V-7 to V-11.

No holes ére present, and a very uniform surface is seen in
Figure V-7 which shows a film containing 10% monoethanolamine at 400x.

Similar surface characteristics are present in Figure V-8 which shows
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FIGURE V-7. SURFACE VIEW OF MEMBRANE MODIFIED WITH
10% TRIETHANOLAMINE AT 400x MAGNIFICATION -
POLYMER SOLUTION DE-GASSED FOLLOWING A 15
DAY SOLUTION PERIOD
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FIGURE V-8. SURFACE VIEW OF MEMBRANE MODIFIED WITH
10% MORPHOLINE AT 400x MAGNIFICATION -
POLYMER SOLUTION DE-GASSED FOLLOWING A

15 DAY SOLUTION PERIOD




FIGURE V-9. SURFACE VIEW OF MEMBRANE MODIFIED WITH
10% TRIETHANOLAMINE AT 400x MAGNIFICATION -
POLYMER SOLUTION DE-GASSED FOLLOWING A 15
DAY SOLUTION PERIOD
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FIGURE V-10. SURFACE VIEW OF MEMBRANE MODIFIED WITH
10% MONOISOPROPANOLAMINE AT 400x
MAGNIFICATION - POLYMER SOLUTION DE-GASSED
FOLLOWING A 15 DAY SOLUTION PERIOD
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FIGURE V-11. SURFACE VIEW OF MEMBRANE MODIFIED WITH
10% MONOISOPROPANOLAMINE AT 400x
MAGNIFICATION - POLYMER SOLUTION DE-GASSED
FOLLOWING A 15 DAY SOLUTION PERIOD
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a film containing 10% morpholine at 400x. The small depfession shown
in Figure V-8 does not appear to extend through the membrane. The

film containing 10% triethanolamine shown in Figure V-9 exhibits a very
uniform surface with a fine grain structure. No holes or 1arge surface
discontinuities are present. Figure V-10 shows a film containing 10%
monoisopropanolamine at a mégnification of 400x. The surface is very
rough and contains several discontinuitieé which may extend through the

membrane thickness. A rough surface is also present in Figure V-11

- which shows film containing 10% monoisopropanolamine at 1000x. This

high magnification photomicrograph clearly shows that no holes are

present, however,

(3) The Data

In order to determine the effect of modifier addition on membrane
permeation rate and selectivity, permeate flux values and separation

factors were determined over a temperature range from 23°C to 125°C.
Each series of test runs was conducted in order of increasing tempera-
ture using the same film.sample. "Al1 runs were conducted using a 5%
mixture of H,S in N, at a pressure of 500 psig, “A11 the mémbkanes
tested ‘were 2 mil thick. The data are pfésented in Table V-1 and shown

graphically in Figures V-12 to V-15. ' SN




TABLE V-1. SUMMARY OF TEST RESULTS FOR MODIFIED VINYLIDENE
FLUORIDE FILMS

Pressure = 500 psig Feed = 5% HZS in N2 Flow Rate = 2 Titers/hour
Film Thickness = 2 mil

3

: Temperature (M ZSTP) Separation Percent HpS
Modifier (¢ ) Flux\ M“Hr Factor in Permeate
None (before drying) 23 1.3 x 10°7° '3 1.6

50 1.9 x 1074 3.2 14.6
75 4.8 x 10°% 3.7 16.2
100 2.1 x 1073 6.1 24.4
125 5.8 x 107° 6.6 25.7
None (after drying) 23 NO PERMEATE
| 50 1.0 x 1074 3.4 15.3
50 1.1 x 1074 4.4 18.7
75 4.2 x 107" 5.4 22.3
100 2.1 x 1073 6.1 24.4
100 2.2 x 1073 6.8 26.5
125 8.2 x 1073 5.8 23.3
125 6.6 x 1073 6.2 24.5
12% Sulfolene 23 .3 x 1072
23 4.9 x 1072

_19_




TABLE V-1 (continued)

Temperature (M3£STP) Separation Percent H,S
Modifier $-C ) Flux\ M“Hr Factor in Permeate
12% Sulfolene (cont.) 50 4.0 x 1072 1.1 5.6
50 4.3 x 1072 1.0 5.2
50 4.5 x 1072 1.0 5.2
75 3.3 x 1072 1.2 5.9
75 2.6 x 1072 1.4 7.1
100 2.3 % 10°° 2.2 10.4
100 1.9 x 1072 2.3 11.0
125 2.7 x 1072 2.8 12.8
125 2.8 x 1072 3.7 16.3
125 2.9 x 1072 3 16.4
10% 3-Methyl Sulfolene 23 3.7 01072 5.6 22.8
50 4.3 x 107° 9.4 33.1
75 1.6 x 1073 9.4 33.0
100 4.7 x 1073 6.8 26.3
125 1.0 x 1072 AL 22.4
10% 1-Methyl-2-Pyrrolidinone 23 5.2 x 1074 . 5
50 8.2 x 1074 =5 6
75 1.0 x 1073 5 2.5
100 2.3 x 1073 5 23.1

-Zg_




TABLE V-1 (continued)

3
Temperature (M £STP ) Separation Percent HpS
Flux | MHr

Modifier : i Factor in Permeate
10% 1-Methyl-2-Pyrrolidinone 100 2.3 x 1077 6.0 24.0
(continued) 125 8.3 x 1073 5.9 23.7
125 7.1 x 1073 oK 22.6
10% Morpholine 23 1.7 x 1072 3.0 13.6
50 2.3 x 1074 7.2 27.5
75 9.4 x 1074 7.0 27.0
100 3.0 x 1073 8.0 29.7 &
125 9.1 x 1073 6.6 25.9 G
10% Monoethanolamine 23 2.5 x 1073 o7 3.4
50 5.5 x 1075 1.1 5.4
75 1.0 x 1072 1.5 7.3
100 1.1 x 107° 2.3 10.9
125 1.7 x 1072 2.8 13.0

10% Triethanolamine




TABLE V-1 (continued)

Temperature (ME%§IEL) Separation Percent H»pS
Modifier %8 Flux \ M“Hr Factor in Permeate
10% Monoisopropanolamine 23 2.6 x 107° 3.9 "17.0
50 2.8 x 1074 6.4 25.3
75 1.4 x 1073 8.9 31.9
100 3.0 x 1073 7.1 27.6
125 6.3 x 1073 6.7 26.2
10% Diisopropanolamine 23 7.1 x 107° 3.3 14.8
50 4.3 x 10°° 4.2 18.0
50 4.0 x 107% 4.2 18.1
75 9.4 x 107° 7.4 28.0
100 2 1w is 7.6 28.5
125 8.7 x 1073 5.6 22.7

_Vg_
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(4) Discussion - .Films With No Modifier Added

At room temperature unmodified vinylidene fluoride film has a
separation factor less than one which indicates .that Né,ié concentrated =
in the permeate. However,.above room temperature unmodified film

‘produces a permeate .containing more H.,S than is present in the feed

2
(see|Tab1e V—i). ' o

These résu]ts suggest that dimethylformamide, the solvent used iﬁ
meerane manufacture, is itself a modifier that gives the membrane
some selectivity for HZS'

Gas solubilities in dimethylformamide have been repdrted (67) as
5.6 ¢ HZS/IOO g dimethylformamide at 25°C compared to .007 g N2/100 g
dimethylformamide at 20°C. Thus, based on solubility, dimethylformamide
is.expecfed to act as a modifier.

To cheék‘for the presence of residual dime thylformamide, membrane
samples were tested using an infrared spectrgphotometer. The carbonyl
group in dimethylformamide absorbs strongly at a wavelength of 6.0
microns. Therefore, absorption at‘this wavelength indicates the presencé
of dimethylformamide since the vinylidene f]uokide‘polymer does not
contain any carbonyl groups. The results of this test are shown in
Figure V-16. The slight amount of absorbtion at 6.0 microns indicates:
that a small amount of dimethylformamide is Qresent in the membrane

sample. -

A drying step has been tried in order to insure removal of
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residual solvent. A membrane sample was dried for 24 hours at a
temperatufe of 100°C in a vacuum. chamber at 16 inches Hg vacuum.
Spectrophotometer tests on a sample of the dried material show no
absorptfon of jnfrared'radiation with a 6.0 micron wavelength. .This
indicates that the dimethylformamide concentration has beén reduced
to a‘]eVEI below that which could be detected by the 1nfréred spectro-
photometér (see Figure V-16). |

The resu]fé of tests made on unmodified vinylidene fluoride film
after drying are shown in Figures V-17 and V-18. |

" The dried film exhibits Tower flux values at Tow temperatures than

‘the undried film. At room temperature no gas permeated through the

dried film in a run lasting several hours. However at 125°C flux values
slightly higher than those found in undried film are found for the
dried film. '

As can be seen in Figure V-17, there appears to be an increase in

separation in the film after drying. Part of the apparent increase

. may be simple data scatter.. It is also possible that the vacuum

drying step causes changes in the polymer sfructure of the membrane.

The drying step appafent]y does not remove all the dimethylformamide
solvent present in the membrane. However, the decrease in flux at Tow .
temperature and the results of spectrophotometer tests indicate that

-

some of the solvent is removed by drying.
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Modified membranes were not treated using a vacuum drying step
because of the Tikelihood that the modifier would be removed along
with residual dimethylformamide solvent.

It must be recognized that the presence of residual dimethyl-
formamide has an important effect on membrane selectivity. The tests
made on undried vinylidene f]uoride.membranes without modifier addition
are used as the base-line for determining modifier éffectiveness}
Comparison of modified films with the unmodified film allows the effect

of residual solvent to be cancelled out.

(5) Discussion - Films With Modifier Added

1. Sulfolene - A large number of tests were made using this
modifier in order to check out the reproducibility of the test equipment
used in this research. As can be seen in Table V-1 there is some data
scattér, but on the whole reproducbility is quite good. The sulfolene-
modified membrane gives the highest flux values of any of the modified
vinylidene f1ddride films tested, but sepafation is much less than that
" obtained with unmodified film. At room temperature the permeate
contains less HZS than the feed. The best separation factor for this
film is 3.7 at 125°C compared to 6.6 for the unmodiffed film at 125°C.

2. 3-Methyl Suifolene - Films with this modifier exhibit the
best overall perférmance of any modified film tested. Flux increases
‘continually with temperature and, at all temperatures, flux values are

at Teast twice as high as those obtained for unmodified vinylidene
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fluoride. 3—methy1squo]enelnembranes are very selective for HZS'
At room temperature, while most films give less HZS in the permeate
than the feed, membranes with 10% 3—méthy]su]fo]eneeexhibif a separation
factor of 5.6 (22.8% H,S in the permeate). This is the best room
temperature separation opse§ved for vinylidene fluoride membranes. At
50°C‘and 75°C films modified with 3-methyl.sulfolene brbduce the best
separation observed with vinylidene fluoride membranes; Permeate
containing 33%_H25 is found. At 100°C and 125°C separation decreases
s}ight]y.

| 3. 1—Methy]—2-pyrro]1dinone - At Tow temperatures this material
"exhibits flux values several times as.high as those observed for
unmodified film, but separation is very poor. At 25°C, 50°C, and 75°C,
the permeate contains much less HZS than aoes the feed. At 100°C
separatién increaseS'marked1y.but remains less than that observed
for unmodified film.. At both 100°C and 125°C flux is slightly higher
than that observed for unmodified film, but separation is still less
than that obtained with unmodified film.

4. Morpholine - Tests with this modifier give very positive
results. Flux values increase continually with temperature and are
s1ightly higher than the values found for .unmodified vinylidene
fluoride. Separation is much better with this modifier than with
unmodified film, particularly at temperatures below 125°C. At 50°C

morpholine-modified film has a separation factor of 7.2 (27 .5% HZS in
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the permeate) compared to 3.2 fbr unmodified film. The maximum
separation obtained with this modifier occurs at 100°C (separation
factor=8.0). | |
5; Monoethanolamine - Despite the wﬁdespread use of monoethanol-
- amine as a liquid absorbent for HZS removal it does not Qork well as
a membrane modifier. Membranes made with this modifier have a brown
color indicdting possible decomposition of the modifier. Flux values
obtained using monoethanolamine as a modifying agent are much higher
than those obtained with unmodified film. For example, at room
fémhefature the modified film has a flux two orders of magnitude
- greater than unmodified film (2.5 x 1073 M3(STP)/M2Hr compared to
1.3 x 10"5 M3(STP)/M2Hr). However, at all tempekatures.above room
temperature, separation is much less than fhat obtained with no
modifier. Whi]e separation does increase with temperature, it increases
much less than separation in the unmodified film. At 125°C permeaté
from the membrane modified with monoethanolamine contains 13% HZS
compared to 25.7% HZS in the permggte from unmodified film. In summary,
the presencé of monoethanolamine modifier increases flux but greatly
decreases separation. o
6. Triethanolamine - Membranes containing this material also have
a brown color indicating possible decomposition of the modifier. At

]ower temperatures (23°C and 50°C) thjs modifier gives results similar

to monoethanolamine - high flux but very low separation. However, at
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ﬁigher temperatures flux values are just above the vaiges found for
unmodified films and separation is close to that obtained with no
modifier. At 125°C the triethanolamine-modified membrane has a better
separation factor than that found for unmodified film. Perhaps at
higher temperatures this increase in separation over thatgobtained

with unmpdified f11m would continue.

'

¢

7. Diisopropanclamine - Films -with this modifier give very
positive results. Flux values increase with temperature and remain
above the values determined for unmodified film. At températures

below 125°C separation is much better than that achieved with no

‘modifier. The maximum Separation factor achieved with this modifier

is 7.5 (28.5% HZS in the permeate) at 100°C. Separation declines at
125°C to a value of 5.6 (22.7% HZS in phe bermeateh a value less than
that obtained with no modifier. Diisopropanolamine-modified membranes
appear to be best suited for low temperature application. A brown
color is observed in the membrane material after testiﬁg,indicating
possible thermal decomposition.

8. Monoisopropanolamine ~ Membranes with monoisopropanolamine
modifier‘give very good separation, particu]ar]y at temperatures up
to 75°C. At room temperature,a separation factor of 3.9 is observed
(17% HZS in the permeate). The best separation factor found for this
membrane is 8.9 (31.9% HZS in the penngate) ;t.75°C; Above 75°C

separation decreases. At all temperatures the flux observed for this




- 78 -
material is slightly above that observed for unmodified membranes.
Thus, at all temperatures, membranes with monoisopropanolamine modifier

have higher flux values and better separation than unmodified membranes.

A comparison of thé modified films tested shows thaf.3-methy]
suffo]ene, morpholine, monoisopropanolamine, and dijsopropanolamine
give' the best.separation of HyS from N,.

Good separation-values could be the result of several factors.
The first is the solubility of H,S in the modifier which results in
increased solubility of the gas in the modified film. Based strictiy X
on solubility characteristics, all of the modifiers tried should have
given good results. |

The increased diffusivity of HZS in the modified film may be
partially responsible for this increased separation of HZS by some of
the modified films.

A thfrd important factor that may have resu]ted.in increased
flux and separat{on with some of the modified films is decreased
crystallinity. Unmodified vinylidene fluoride is reported to be about
68% crystalline (68). Thus, in the unmodjfied film only about 32%
of the film is useful for gas permeation, By reducing the crystallinity
of the vinylidene fluoride some modifiers would givé higher permeation
rates. Separation could also be-effected due to increasing ‘

polymer chain mobility Whichl Wou]d reduce the tortuosity of the path
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followed by gas molecules in.moving through the polymer.

The glass transition temperature of vinylidene fluoride has been-
found to be -40°C (69). Since.a11 test runs were conducted at a A
temperéture well above'this, tHe effect of modifiers lowering the glass
transition temperature is not 1mp6rtant in this study. Fér'tests ‘
made\near the glass transition temperature. this factor cou]d be of

major importance, however.

(6) Effect of Temperature

. Results for all modif%ed vinylidene fluoride films show a stronﬁh
trend toward increasing flux with increasing temperatﬁre. The only
film that did not follow this trend wés.that containing 12% sulfolene
modifier.

Apparently, as temperature increases the increase in diffusivity
and gas solubility in the polymer tend to outweigh the decrease in gas
solubility in the modifier.

Figures V—14_and V-15, which are plots of flux vs. temperature,
show the trend toward increasing flux with increasing temperature.

" At higher temperatures (75°C and above) many of the plots of flux vs.
temperature with flux plotted on.é logarithmic scale are linear,
indicating that flux varies nearly éxponentia]]y with temperature.

| There i§ also a trend toward increasing-separation with dncreasing
temperature. This trend is particularly well illustrated by the results

obtained using sulfolene and monoethanolamine as modifiers (see
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Figures V-12 and V-13).
Separation values for several of the films go through a maximun.
This is true for monoisopropanolamine, diisopropanolamine, 3-methyl
sulfolene and morpholine. It is interestihg to'note that these are

also the four modifiers which give the best overall separation results.

B. COMMERCIALLY AVAILABLE POLYMER FILMS

(1) Materials Tested

Tests to determine permeate flux and selectivity for hydrogen

sulfide were conducted using the following films:

Dimethyl Si]icone - manufactured by General Electric Corporation

Silicone Polycarbonate Copolymer - membrane MEM-213 manufactured

by General Electric Corporation

Poly Vinyl Fluoride - DuPont "Tedlar" film number 100AG30UT

Po1yam1de'- "Capran" 77C film manufactured by Allied Chemical

Corporation

Heat Stabilized Polyamide - "“Capran" 80 film manufactured by
‘Allied Chemical Corporation )

Polysulfone - Compound P-1700 film manufactured by Union

Carbide Corpbration

Polyethersulfone - manufactured by I.C.I. Uniteéd States,

Incorporated
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(2) The Data

Test runs were made to determine permeate flux values and
separation factors at temperatures ranging from 23°C (room témperature)
to 125°C. A1l runs were conducted with an upstream gas pressure of
500 psig using a 5% mixture of hydrogen sulfide in nitrogen. The
data are presented in Table V-2 and shown graphicé]]y in Figures V-19

and V-20.

(3) Discussion

1. Dimethyl Silicone - This materia]hgives the‘highest room
temperature flux value of any of the materials tested.. Flux values
3 ordefs of magnitude greater than thoﬁe found for all other commercial
films except si]icone polycarbonate copolymer are observed. At room
temperature the permeate.gas contains four times as much HZS as the
feed (20% HZS in the permeate compared to 5% HZS in the feed). Due to
the very high permeate flux, concentration po]arization may hinder the
separation performance of this material. That is, because of the rapid
rate at which HZS is permeating, the concenfration of HZS at the membrane
surface may be significantly less than the bulk feed concentration
of 5% HZS' Even when gas is fed at the hfghest rate\possib]e with
the available equipment (= 5 liter/hour) the exit gas from the high
pressure side of the membrane contains only about 3.1% HZS‘

In tests at room temperature the membrane material lasts only




Pressure = 500 psig

TABLE V-2.

Feed = 5% HZS in N2

Flow Rate = 2 liters/hour

SUMMARY OF TEST RESULTS FOR COMMERCIALLY
AVAILABLE POLYMER FILMS

Thick- Temperature (ME%§IEl) Separation Percent H,S
Polymer Film ness (°C) Flux | M“Hr Factor in Permea%e
Dimethyl Silicone 1 mil 23 7.3 x 1071 4.7 20.0
50 - Membrane
Ruptures
Silicone Polycarbonate 1 mil 23 2.8 x 107} 8.9 32.0
23 2.8 x 107} 13.1 40.9
50 3.5 x 107} 7.0 27.0
75 4.1 x 1071 7.6 28.5
100 - Membrane
Ruptures
Poly Vinyl Fluoride 1 mil 23 No Permeate
23 No Permeate
50 2.2 x 1077 6.2 24..6
75 1.3 x 1073 9.4 33.2
100 4.7 x 1073 12.9 40.5
Polyamide 1 mil 23 6.9 x 1077 1 7
50 1.3 x 1073 3 5

...28_




TABLE V-2 (Continued)

, Thick- Temperature (M3é§lfl) Separation Percent H,S
Polymer Film ness (°C) Flux\ M“Hr Factor in Permea%e
Heat Stabilized 1 mil 23 1.4 x 1073 .2 1.0
Polyamide 23 7.1 x 107 1 3
50 1.1 x 1973 %! 4
75 3.2 x 107% ¥, 3.4
100 8.0 x 107% 3.2 14.3
100 5.1 x 107 4 21.2
125 2.1 x 1073 12.9 40.4
159 4.8 x 1073 13.5 41.6
Polysul fone 2 mil 23 1.4 x 107° 12.7 40.0
50 4.0 x 107% 9.1 32.4
50 4.2 x 107° 7.4 28.0
75 8.3 x 107% 9.7 33.9
100 2.1 x 1073 6.8 26.5
125 - Membrane
Ruptures
Polethersul fone 2 mil 23 1.5 x 1074 2 3
50 2.5 x 1074 4.2 18.0
75 6.8 x 1077 9.3 32.8
100 1.2 x 1073 8.3 30.3
125 1.1 x 1073 7.0 26.8

_88-
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about ten minutes before holes develop 1in the membrane. At 50°C
the membrane ruptures during startup, before gas pressure on the high
pressure side of the membrane reaches 500 psig. Possibly the test
equipment does not provide enough support for this very flexible film,
although no prob]eﬁs were encountered with any of the other films
tested.

It éppears that while this material gives good‘f1ﬁx and separation
values its usefulness is restricted to low-temperature, low-pressure |
applications.

. 2. Silicone Polycarbonate Copolymer - This film exhibits very
high flux values, and very good separation. At room temperature, a
permeate containing 32% HZS i's obtained from feed gas containing 5% HZS.
Flux va]ués are nearly 3 orders of magnitude above those obsérved for
all other fiTms except diﬁethy1 silicone.

Test runs at 100°C are unsuccessful because the membrane ruptures.
Thus, this film is only usefﬁ] at temperatures below 100°C. However,
for Tow temperatures :this film exhibits excg]]ent flux and good separa-
tion without the very short service 1ife of dimethyl silicone.

As was the case with dimethyl silicone, the high permeate flux
may cause the concentration of HZS at the membrane surface to be
signific&nt]y'1ess than the bulk concentration. This effect would reduce
the separation observed to a value less than it could be if feed gas

flow could be maintained at a higher rate.
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3. Poly Vinyl F]ubrjde - At room teﬁperature this material exhibits
such a slow permeation rate that no gas permeated in fWo'runs lasfing
several hours even though the sample tested was thinner (.001 inch
versus .002 inch) than many of the other films tested. 'Poly vinyl
" fluoride exhibits very low flux values even as tehperature is increased.
Separation increases very rapid]y with temperature. The permeate at
100°C contains 40.5% HZS while the permeate at 50°C contains 24.6% HZS'
No tests were conducted above 100°C because the material is not
recommended by the manufacturer for use above that temperature.

4. Polyamide - Runs at both room temperature and 50°C result in
almst no HZS in the permeate (less than 1%). The film was not testgd
at higher temperatures beause it is not recommended for continuous high
temperature use. Flux values higher than those found in most other
commercié] films are observed. ‘

| 5. Heat Stabilized Polyamide - Low temperature runs with this
material give results similar to those found for po]&amide. Runs at
23°C, 50°C and 75°C result in a permeate with less hydrogen sulfide
than is present in the feed. .However, runs at 100°C and 125°C produce
good separation. At 125°C the permeate is found to contain 40.5%
hydrogen §u1fide. Separation is improved slightly (41.6% HZS in the
permeate) in é run made at 150°C. There is difficulty maintéining the
temperature of the enclosure at 150°C with the heaters available, so

no further runs were made at that temperature.
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6. Polysulfone - At room temperature this membrane is particularly
effective in separating hydrogen sulfide from nitrogen. The permeate
stream at room temperature contains about eight times as much hydrogen
sulfide as the feed stream. Good.separationris also noted in higher
temperature runs. Permeate compositions range between 33.9% H,S and
26.5% HZS’ No trend in the variation of separation with temperature is
observed. At 125°C the membrane ruptures, apparently due to thermal
degradation of the film material. This is evidenced by extreme
brittleness of the film after the 125°C test.
| 7. Polyethersulfone - Performance of this material is found to
be very dependent on temperature. At room temperature the permeate
contdins much Iéss HZS than the feed sfream. However, at 59°C good '
separation is achieved and at 75°C the best separation with this film
occurs (32.8% HZS in the permeate). Separation déc]ines in runs made
at 100°C and 125°C. Flux values are below those recorded for most

other films.

(4) Effect of Tehperature

Results for all the commercial films show a strong trend toward
increasing flux with increasfng temperature. It fs expected that flux
would increase with temperat&re because both diffusivity and solubility
of gases in polymers follow an Arrhenjus-type relationship. That is,
both diffusivity and solubility increaseexponentially with temperature,

Figure V-20, a plot of flux vs. temperature, shows the trend toward
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increasing flux with increasing temperature. For siiicone poly-
.carbonate copolymer, polysulfone, and poly vinyl fluoride the plots
with flux on a logarithmic scale vs. temperéture are Tinear, indicating .-
tﬁat flux varies exponentially with temperature. The polyethersulfone
data could be expressed as a sfraight 1ine, allowing for some data
scatter. . .

‘Heat stabilized polyamide and untreated polyamide behave very
similarly at room temperature and 50°C. However when heat stabilized
polyamide is tested above 50°C.it exhibits much ]ower f1ux values than
would be expected. Apparently, the heat stabilized material is changed
.enough to behave different]y'at high teﬁperatures. That is, at high
temperatures (above 50°C) the heat stabilized polyamide acts 1ike a
completely different material than untreated polyamide.

Direct comparison of flux values for'the commercial films- tested
is not possible because different fi1m thicknesses were used in the
tests. ‘HOWéver jt is expected that flux would be inversely proportional
to membrane thickness. .
The effect of temperature on ;eparation varies widely for the
commercial films tested (see Figure V;19). “ Two-of fhe.films,
polyvinyl fluoride and heat stabilized polyamide, exhibit a continual
increase in separation with temperature. . A temperature where
" maximum seﬁaration takes place is observed wgth‘polyethersulfone.- The

best separation for polyethersulfone (32.8% H,S in the permeate) occurs
2
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at 75°C. Silicone polycarbonate copolymer and polysulfone do not
follow a general trend. Up to 75°C, the separation achieved with
pp]ysu]foné actually decreases with temperature.

At.rOOm temperatufe only dimethyl silicone, si]iconelpo1ycarbonate
and poiysu]fone films produce a permeate stream with more‘hydrogenl
sulfide than nitrogen. With the other commercié] films nitrogen is

1

concentrated in the permeate at room temperature.

C. EFFECT OF FEED GAS COMPOSITION

(1) Materials Tested

Because time did not allow all films to be tested using a different
-feed gas composition, two films were selected fo be tested with a feed
éas containing .27% HZS‘ The two materials chosen were:
1. Vinylidene fluoride modified with 10% 3-methyl sulfolene
2. Silicone po]ycarbonate.copo1ymer - General Electric Corporation
MEM-213
These films were chosen for further testing because they exhibited

- good separation in tests conducted:with 5% HZS feed gas.

(2) The Data

Test runs were made to determine permeate flux values and
separation»factor values with a feed gas containing .27% HZS’ A
vinylidene fluoride film modified with 3-methyl sulfolene was tested

at temperatures ranging from 23°C(room temperature) to 125°C. Silicone
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polycarbonate copolymer was tested at temperatures ranging from 23°C to
75°C. A1l runs were conducted using an upstream gas pressure of
500 psig. The dataare presented in Table V-3 and shown graphi;é]]y in

Figures V-21 to V-24.

E
|

(35 Discussion

»1. Vinylidene fluoride film modified with 10% 3-methyl sulfolene:
As is seen in Figure V-21,the separation factor values found using .27%
HZS feed gas are much less than those calculated for‘S% HZS feed gas.
In the .27% feéd gas tests, the highest separation factor 1§ 4.5 (1.2%
HZS in the permeate) while the lowest separation factor found in tests
'with feed gas containing 5% HZS is 5.5 (22.4% HZS in the permeate).
The effect of temperature on separation does not follow a uniform
pattern as feed gas composi%ion is changed. For example, at 50°C, the
highest separation factor va]ue with 5% HZS feed gas and the '
lowest value with .27%.H25 feed gas are repofted (see Figure V-21).
Flux values decline in tests with .27% HZS feed gas from those
reported using 5% HZS feed gas. As can be seen in Figure V-22, the
effect of temperature on flux does follow a uniform pattern as feed
gas composit%on is changed. This.is seeqiin the similarity in the
shape of the curves shown in Figure V-22.
2. Silicone polycarbonate copolymer : Separation factor values
" found using .27% HZS feed gas are higher than those for 5% HZS feed
gas at 23°C and 50°C (see Figure V-23). At 75°C a higher separation




TABLE V-3. COMPARISON OF FLUX AND SEPARATION VALUES FOR
TWO DIFFERENT FEED GAS COMPOSITIONS

10% 3-Methyl Sulfolene Modifier Thickness = 2 mil

, (M;iélf)) : ?ercent HoS

Temperature Flux\M Hr Separation Factor in Permeate
(°C ) 5% Feed .27% Feed 5% Feed .27% Feed 5% Feed .27% Feed
23 3.7x10° 2.7 x107° 5.6 Er. 22.8 9
50 4.3x10% 7.8x107° 9.4 9 33.1 2
75 1.6 x10°° 5.6 x107" 9.4 3.7 33.0 1.0
100 4.7 x 1003 2.6 x 1073 6.8 4.5 26.3 1.2
125 1.0x100%  7.3x10°° 5.5 3.7 22.4 1.0

Silicone Polycarbonate Copolymer Thickness = 1 mil

23 8 x 101  2.0x 10! 8.9 10.4 32.0 2.7
50 5x 100! 2.7 x 107} 7.0 9.5 27.0 2.5
75 x10°!  3.0x107! 7.6 6.0 23.5 1.6

_26-
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factor is present for 5% HZS feed gas. With .27% HZS feed gés at
foom temperature a permeate containing 10 times as much HZS as the feed .
is produced. Due to the rapid permeation rates’ obtained with this
po]ymer, a nitrogen buildup at the membrane surface (concentration
po1arizatioﬁ) may have hindered the separation process, particularly
with the 5% H,S feed gas.

Flux values using .27% HZS feed gas are less than those reported
using 5% HZS feed gas. The similarity in the shape of the curves in
Figure V-24 shows that the effect of temperature on flux is nearly
independent of feed gas composition.

In summary, it appears that flux decreases uniformly as. the
percentage of HZS in the feed gas stream declines. Based on these
results, however, no generalizations concerning the effect of feed gas

composition on separation factor values are possible.

D.  SUMMARY OF BEST RESULTS

Table V-4 presents a summary of the best separation results
obtained in thfs étudy using a 5% HéS feed gas.

As can be seen in Table V-4, several of the commercfa]]y available
polymer films show promise for use in large scale HZS removal systems.
For low temperature applications (around room temperature)'po1ysu]fdne
and silicone polycarbonate copolymer films give good separation.
Si]i;one polycarbonate copolymer has the added advantage of very high

flux values. For higher temperatures (100°C - 150°C) heat stabilized
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TABLE V-4. SUMMARY OF BEST SEPARATION RESULTS‘

Feed = 5% HZS in N,

Pressure

500 psig

Separation % HoS in Temperature

Film Material Factor Permeate (°C )
Heat Stabilized
Polyamide 13.5 41. 150
Heat Stabilized .
Polyamide 12.9 40. 125
Poly Vinyl Fluoride 12.9 40.5 100
Polysulfone 12.7 - 40.0 23
Polysulfone . 9.7 33.9 75
Poly Vinyl Fluoride 9.4 33.2 75
Vinylidene Fluoride
10% 3-Methyl Sulfolene 9.4 33.1 50
Vinylidene Fluoride B
10% 3-Methyl Sulfolene 9.4 33.0 75
Polyethersulfone 9.3 32.8 75
Polysulfone 9.1 32.4 50
Silicone Polycarbonate 8.9 32.0 23
Vinylidene Fluoride
10% Monoisopropano-

31. 75

lamine 8.9
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polyamide and polyvinyl fluoride films provide good separation. Heét
stabilized polyamide is somewhat hindered by relatively low flux values .
compared to other commercial films.

Several of the modified vinylidene fluoride films tested also gjve
good separation results. Tests with 3-methyl sulfolene modifier produce
a permeate conta{ning 33% HZS from a 5% HZS-feed at 50°C anq 75°C.

Flux values obtained using 3-methyl sulfolene modifier are comparable
to those obtained for most of the commercial films. Direct comparison
is not possible in all cases because different film thicknesses were
used in tests. Films containing monoisopropanolamine modifier also
exhibit good separation at 75°C. Fi]ms‘modified with morpholine and

diisopropanolamine provide good separation at all temperatures.

E.  ANALYSIS OF ERRORS

The reliability of the measurements made during this study could
be influenced by several possible sources of experimental error. The
most important possible error sources are:

1. Changés fn the temperature of the gas in the permeate']ine
outside the constant temperature enclosure. It is assumed in
a]].ca]cufations that permeate gas in the permeate line
putside the constant temperature enclosure is at room
temperature. If this gas is in fact at a temperature above
room temperature.the permeation fate values recorded would be

higher than actual vd]ues.
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Changing resistance of -the fluid in the permeate line. As
more fluid is pushed out of the permeate 1ine by permeate
gas:the resistance caused by the fluid in the ‘Tine decreases.
This effect is insignificant when permeation rates are high,
but cou]d.affect results for runs with Tow permeation rates.
-Non—uniforh film thickness. Variations in film thickness
between different membranes and on different areas of the
same membrane could cause errors in measured flux values, since
flux decreases as membrane thickness increases.
Variation in membrane polymer structure. For vinylidene
fluoride membranes even small changes in drying témpérature,
drying time, and time in solution before casting could cause
-changeslinncriéta]]inity or change the polymer structure in
othér ways. -Any change in polymer structure would be
expected to influence the values of flux and separation factor

recorded during test runs.




CONCLUSIONS. AND' RECOMMENDAT IONS

CONCLUSIONS

Examination of the surfaces of modified vinylidene fluoride
membranes using a scanning electron microscope indicates that
polymer solutions must be allowed to stand for 15 days and be de-
gassed before membranes are cast in order to.insure uniform
surface characteristics.

The addition of a modifier in which HZS is soluble to vinylidene

fluoride membranes can result in a significant increase in HZS

~ separation over that obtained with unmodified film.'

Of the materials tested as modifiers, 3-methylsulfolene, morphbline,
monoisopropanolamine and diisopropanolamine all give very good
separation results. Using 10% 3-methyl §u1foTene at 50°C a S%
mixture of HZS can be concentrated to 33% H2$. o

Permeate flux and separation show a strong tendency to increase
with increasing temperature. '
Several of the commercial films tested provide gbbd separafion
of HZS from NZ. At room temperature.polysulfone, silicone
polycarbonate copolymer and dimethyl silicone films are effective
for concentrating HZS' At temperatuées of 100°C and above

poly vinyl fluoride and heat stabilized pd]yamide films exhibif
high separation factors. For example, at 125°C a 5% mixture of

HZS can be concentrated to 40% HZS using a film of heat stabilized

polyamide.
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6. Lowering the amount of HZS in the feed gas stream causes permeate
flux to decrease. No generalizations are possible concerning
the effect of feed gas composition on separation based on the

results of this study. :
f

B.  RECOMMENDATIONS

(1) Modified Vinylidene Fluoride Films
More work should be done to determine the polymer structure of

modified vinylidene fluoride membranes. Further electron microscope
studies of membrane surfaces could be used to determine how membrane
manufacturing steps influence membrane gtructure. For example,
.membrane samples formed by drying at different temperatures couid be
checked using the electron microscope to see if surface characteristics
are changed. . Crystallinity measurements should be made to determine the
effect of modifier addition on_crysta]]inity. This could be done using
x-ray diffraction methods. Techniques to determine the amount of
modifier which is actually present in the membrane should be investigated.
Such a technique éou]d also be useful in determining whether dr not
the modifier is lost from the membrane as time progresses. Since many
" of the modifiers used contain nitrogen, pérhaps quantitative analysis
" methods for nitrogen could be used.

. Other techniques for membrane formation;shou1d be investigated.
Suchvtgchniques include drying at low pressure and low temperature and

removal of the solvent by diffusion into another Tiquid in which the
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polymer and modifier are not soluble. These methods may produce
films with different polymer structures. Such techniques might also
allow ﬁore modifier to be retained in the membrane than high temperature
drying does.

The effect of the amount of modifier added to thé membrane should
be studied. That is, tests should be run on membranes formed from
solutions containfng quantities of modifier both above and be]oQ'ten
weight percent. It is possible that séparation could be greatly
improved by increasing the amount of modifjer in the mémbrane.
| Other modifiers should be tested in the search for a system which
provides both good flux and separation. Compounds related to those
tested in thjs study which could be studied include P-aminophenyl
" sulfone, phenyl sulfone, N-methyl morpho11ne; diethanolamine and
triisopropand1amine.

Another possible research area suggested by this work is to add
those plasticizers which were found‘to work best to polymers other than
vinylidene fluoride. Peclymers that cou]d'bé used include those of

vinyl fluoride, vinylidene chloride and vinyl chloride.

(2) Commercial Films

In continuing the search for a polymeric membrane material which
provides good flux and separation, other commercially available films
should be tested. Among the many possibilities are materials such as

polypropylene, polystyrene, polyimide, and polyvinyl chloride.
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It is possible tﬁat separation could be improved by adding the
modifiers which gave the best results with viny]idgne fluoride to the
polymer films which also gave good separation results. ’It is'expected

that such a dual system would give very good results.

(3) A1l Films

Tests should be made at other operating pressures to determine the
effe;t of pressure on flux and separation. Specifically, tests at
pressures of 100 psig, 300 psig and 700 psig in addition to those
already conducted at 500 psig would allow pressure effects to be
explored. .

The need for test runs at higher temperatures is suggested by
fhe results of this study. For many of the materials tested, separation
inpreases continually with temperature. Runs at higher temperatures
would allow this trend to be further explored. |

Membrane 1ife studies should be conducted to determine if flux and
separation values change with the age of the membrane. These tests are
particularly impdrtant for modified vinylidene fluoride membranes because
the modifier content may decrease with time. Particuiar]y at high
temperature, the modifier may slowly work its way out of the polymer
structure. and evaporate. ‘

The films which give the best separation results should be tested
using a gas mixture having a composition similar to that of the gas

stream leaving a coal gasification‘reactor. For example, the following
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gas compositions have been reported (70) for raw gas leaving a Koppers-

" Totzek Process gasification reactor (volume percentage on a dry basis):

Western Coal -I1119nois Coal " Eastern Coal

co- 58.68 55.38 - 55.90
co, 7.06 . . .7.04 o 7.18
H, 32.86 " 34.62 35.39
N, 1.12 1.01 1.14
H,S .28 ' 1.83 .35
C0S .02 | .12 .04

" By making tests on a simulated gasifier exit gas more information on

membrane separation performance could be gathered.
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APPENDIX




TABLE OF NOMENCLATURE

C ‘Concentration
D Diffusivity
p° Coefficient in Arrhenius éxpression for diffusivity
E Activation energy for diffusion
h Apparent heat of solution
H Henry's Law Constant _
HC Coefficient in Afrhenius expression .for Henry's Law Constant
L Membrane thickness
N )Mass.f1ux
P Total pressure
p Partial pressure
R Gas constant ’
S Solubility of gas or vapor in polymer
¢ Coefficient in Arrhenius egpression for solubility
T Absolute temperature
X Mole fraction in feed
y MoTe fraction in permeate
Length coordfnate
Sﬁbscripts
a Component a
b Bulk stream
m Membrane property
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Subscripts'(cont.)

0 _ Interface
1 High pressure side of permeation cell
2 ' Low pressure side of permeation cell

Greek Letters

o . Separation factor

[
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