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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

V in y l id e n e  f lu o r id e  f i lm s  m o d if ie d  w i th  severa l d i f f e r e n t  chem ica ls , 
and severa l com m erc ia lly  a v a i la b le  f i lm s  were te s te d  f o r  the  sepa ra t ion  
o f  HgS from H g S -^  m ix tu re s . F lux and sepa ra t ion  f a c to r  values were 
ob ta ined  over a tem pera ture  range from 23°C to  125°C w i th  an o pe ra t ing  
pressure o f  500 p s ig .

M ic roscop ic  exam ination o f  the surfaces  o f  m o d if ie d  v i n y l i dene 
f l u o r id e  membranes in d ic a te d  t h a t  un ifo rm  polymer f i lm s  could be p ro ­
duced by a l lo w in g  polymer s o lu t io n s  to  stand f o r  15 days to  insu re  
complete d is p e rs io n  o f  the  polymer a long w i th  de-gassing the  s o lu t io n  
be fo re  pouring  i t  onto a f l a t  p la te  to  form membrane f i l m s .

The fo l lo w in g  chemicals were added as m o d if ie rs  to  v i n y l idene 
f l u o r id e :  s u l fo le n e ,  3-methyl s u l fo le n e ,  1 - m e th y l -2 -p y r ro l id inone  ,
m orpho line , monoethanol amine, t r ie th a n o la m in e ,  d i isopropano l amine, and 
monoisopropanol amine. Good s e p a ra t io n . o f  HgS from a 5% m ix tu re  o f  
HgS in  Ng was ob ta ined  using 3-methyl s u l fo le n e ,  morpholene, mono­
isopropano l amine, and d i isopropano l amine. For example, a f i l m  m od if ied  
w i th  10% 3-methyl s u l fo le n e  gave a permeate, co n ta in in g  33% HgS a t  50°C.

The com m erc ia lly  a v a i la b le  polymer f i lm s  te s te d  in c lud ed : 
d im ethy l s i l i c o n e ,  s i l i c o n e  po lycarbona te  copolymer, po ly  v in y l  f l u o r id e ,  
polyamide, heat s t a b i l i z e d  polyamide, p o ly s u l fo n e  and p o ly e th e rs u l fo n e .  
Very high f l u x  values and good sepa ra t ion  were found w i th  severa l o f  
these polymers.

Strong trends  toward in c re a s in g  f l u x  w i th  in c re a s in g  tem pera tu re , 
and an in c re a s in g  percentage o f  HgS in  the  permeate gas w i th  in c re a s in g  
tem pera ture  were observed.

Separation factor values for HgS, determined using a 5% mixture of 
HgS in Hg, 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 w i th  a feed gas c o n ta in in g  .27% HgS in  a HgS/Ng 
m ix tu re  showed t h a t  permeate f l u x  decreased as the percentage o f  HgS 
in  the feed gas decreased. No d e f i n i t e  t re n d  in  the  change o f  sepa ra t ion  
f a c to r  w i th  feed gas com position  was observed.



INTRODUCTION AND PURPOSE

The sepa ra t ion  o f  HgS from o th e r  components in  a gas stream is  

im p o r ta n t  in  a number o f  areas, p a r t i c u l a r l y  in  the  u t i l i z a t i o n  o f  the  . 

f o s s i l  fu e ls  n a tu ra l gas, pe tro leum , and co a l.

Hydrogen s u l f i d e  gas is  h ig h ly  t o x i c ,  c o r ro s iv e ,  and a c a ta ly s t  

po ison. These p ro p e r t ie s  n e c e s s ita te  i t s  removal from gas streams.

Natura l gas must be "sweetened", t h a t  i s ,  hydrogen s u l f i d e  must 

be removed be fo re  i t  can be d i s t r ib u te d  by p ip e l in e .

Hydrogen s u l f i d e  produced d u r in g  r e f i n in g  from the  s u l f u r  p resen t 

in  crude o i l  is  removed to  preven t c a ta ly s t  po ison ing  and c o r ro s io n .

When coal is  g a s i f ie d ,  rega rd less  o f  the  s p e c i f i c  process used, 

most o f  the  s u l f u r  in  the  coal is  converted to  hydrogen s u l f i d e .  This 

hydrogen s u l f i d e  must be removed from the  g a s i f i e r  e x i t  gas because i t  

q u ic k ly  destroys the a c t i v i t y  o f  m ethanation c a ta ly s t s .

As petro leum  su p p lie s  become more scarce , coal g a s i f i c a t io n  is  

expected to  become a major in d u s t r y .  I t  has been es t im ated  ( I )  th a t  

t o  produce c lean fu e l e q u iv a le n t  to  20% o f  c u r re n t  U. S. o i l  consumption 

from coal w i l l  re q u ire  80 g a s i f i c a t io n  p la n ts  each producing 250
3

m i l l i o n  f t  /day  o f  gas. Each p la n t  would consume about 12,000 tons /day  

o f  h igh  q u a l i t y  eastern  coal and produce about 400 tons /day  (8 .4  x 10^ 

SCF/day) o f  hydrogen s u l f i d e .

Because most o f  the  coal g a s i f i c a t io n  processes c u r r e n t l y  under 

development opera te  to  produce a p roduc t gas under p ressu re , the 

d r iv in g  fo rc e  f o r  a membrane se p a ra t io n  process is  a lre a d y  p resen t.
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This is  a b ig  advantage o f  a membrane sepa ra t ion  process over conven­

t io n a l  l i q u i d  abso rp t ion  hydrogen s u l f i d e  removal processes. Membrane 

se p a ra t io n  processes a lso  have the advantage o f  r e q u i r in g  much less 

equipment than l i q u i d  a b s o rp t io n  p rocesses.

In an a ttem p t to  c o n t r ib u te  to  the u l t im a te  goal o f  a membrane 

se p a ra t io n  system f o r  hydrogen s u l f i d e  removal t h is  work was conducted.

The s p e c i f i c  o b je c t iv e s  o f  t h i s  research were as fo l lo w s :

1. To t e s t  a number o f  d i f f e r e n t  p la s t i c i z e r s  in  v i n y l idene 

f l u o r id e  to  determ ine permeation ra te  and s e l e c t i v i t y  f o r  HgS.

2. To t e s t  va r iou s  com m erc ia lly  a v a i la b le  po lym eric  f i lm s  to  

determ ine permeation ra te  and s e l e c t i v i t y  f o r  HgS.

3. To determ ine the e f f e c t  o f  tempera ture  on s e l e c t i v i t y  f o r  HgS 

in  the va r ious  membranes,

4 . To determ ine the  e f f e c t  o f  temperature on permeation ra te  

in  the va r ious  membranes.

5. To determ ine the e f f e c t  o f  feed gas com pos ition  on permeation 

ra te  and s e l e c t i v i t y  f o r  HgS f o r  m a te r ia ls  which appear 

prom is in g .



REVIEW OF THE LITERATURE

Hydrogen s u l f i d e  removal techno logy inc ludes  a la rg e  number o f  

commercial processes along w i th  severa l recen t la b o ra to ry  developments. 

Much work has been done on membranes f o r  gas s e p a ra t io n s ,  in c lu d in g  

some s tu d ie s  d e a l in g  w ith .hyd rogen  s u l f i d e .

A . COMMERCIAL PROCESSES FOR CONCENTRATING HgS . .

The la rg e s t  number o f  commercial processes f o r  c o n c e n tra t in g  

hydrogen s u l f i d e  gas in v o lv e  a b so rp t io n  o f  HgS in to  s o lu t io n  fo l low e d  

by a re gen e ra t ion  s tep  which separates the  HgS from the  absorb ing 

s o lu t io n .

A lkanolam ine s o lu t io n s  are used as th e  absorbent in  many processes. 

The G irb o ta l Process (2 ) and the Adip Process (3) use aqueous s o lu t io n s  

o f  monoethanol amine, d ie thano lam ine  o r  t r ie th a n o la m in e  as absorbents.

The HgS reac ts  w i th  the amines to  form compounds which may be broken 

down by hea t.  The re a c t io n  form i s :

RNH2 + HgS RNH3HS

The s o lu t io n s  are regenera ted by being heated. This d r iv e s  o f f  the 

HgS to  form a concen tra ted  HgS stream and an amine s o lu t io n  which is  

re c y c le d .  The SNPA-DEA (4) Process uses a concentra ted  aqueous s o lu t io n  

o f  d ie thano lam ine  as the  s o lv e n t .

Two commercial processes have been developed which use an 

a lk a n o lamine combined w i th  o th e r  chem icals as the absorbent s o lu t io n .

In the Amisol Process (5) the s o lv e n t  c o n s is ts  o f  methanol, an a d d i t iv e .
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and an o rgan ic  base (d ie thano lam ine  o r  t r ie th a n o la m in e ) .  Th is  s o lv e n t  

has the advantage o f  h igh load ing  c a p a c i ty  and a low regenera t ion  

tem pera tu re . The S u l f i n o l  Process (6) makes use o f  an o rg a n ic  s o lv e n t ,  

s u l fo la n e  ( te trahydro th i.ophene d io x id e ) ,  mixed w i th  an a lkanolam ine and 

w a te r .  Simultaneous chemical and phys ica l abso rp t ion  o f  HgS takes 

p lace us ing  t h i s  s o lv e n t .

An'aqueous s o lu t io n  o f  the  p r im ary  a lkanolam ine HO-CgH^-O-CgH4 -NH2  

( t ra d e  named d ig ly c o la m in e )  is  the s o lv e n t  used in  the  F luo r  Econamine 

Process (7 ) .

A number o f  processes have been developed which use carbonate 

s o lu t io n s  f o r  HgS a b s o rp t io n .  The most w id e ly  used process o f  t h is  

type  is  the  B e n f ie ld  Process ( 8 ) .  Hydrogen s u l f i d e  is  removed by 

c o n ta c t  w i th  a potassium carbonate s o lu t io n  c o n ta in in g  B e n f ie ld  

a d d i t iv e s  a t  h igh pressure (100 -  2000 p s ig ) .  The s o lu t io n  is  re -  • 

generated by s t r i p p in g  a t  a tmospheric p ressure . A m o d i f ic a t io n  o f  

the  B e n f ie ld  Process, known as the H i-Pure Process (9) uses two 

d i f f e r e n t  carbonate s o lu t io n s  in  s e r ie s .  The advantage o f  t h i s  process 

is  t h a t . i t  produces a p roduct gas c o n ta in in g  an ex trem e ly  low concentra 

t io n  o f  HgS (1-20 PPM). The F luo r  S o lven t Process (10) uses an 

anhydrous o rg a n ic  compound, propylene carbonate , f o r  HgS removal. This 

s o lv e n t  is  regenerated s im p ly  by pressure letdown o f  the  r i c h  s o lv e n t ,  

w i th o u t  the a p p l ic a t io n  o f  hea t.

Two processes are a v a i la b le  which use a potassium s a l t  s o lu t io n
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to  absorb HgS. In the  A lk a z id  Process (11) two types o f  absorbents are 

used. A lk a z id  1DIK1 (potassium s a l t  o f  d im ethy l amino a c i t i c a c id )  is  

used f o r  the s e le c t iv e  abso rp t ion  o f  HgS. A lk a z id  1M1 (potassium s a l t  

o f  methyl amino p ro p io n ic  a c id )  is  used f o r  s imultaneous removal o f  

COg and HgS. A potassium s a l t  s o lu t io n  c o n ta in in g  a s ta b le  c a ta ly s t  is  

Usedi f o r  a b so rp t io n  o f  HgS in  the Catacarb Process (1 2 ) .

Other commercial a b so rp t ion  processes inc lud e  the  P u r iso l Process, 

the R e c t is o l Process and the Selexol So lven t Process. Phys ica l 

ab so rp t io n  o f  HgS in  N -m e th y l-p y r ro l idone is  used in  the  P u r iso l 

Process (1 3 ) .  The R e c t iso l Process (14) uses abso rp t ion  in  cooled 

m ethano l, and the Selexol So lven t Process (15) is  based on the abso rp t ion  

o f  HgS in  d im ethy l e th e r  o f  po lye thy le ne  g ly c o l .

B . COMMERCIAL PROCESSES FOR CONVERTING HgS TO ELEMENTAL SULFUR

The most common method f o r  c o n v e r t in g  HgS to  s u l f u r  is  the Claus 

Process (1 6 ) .  In  t h i s  process, gas c o n ta in in g  hydrogen s u l f i d e  is  

fed to  a re a c t io n  furnace where i t  is  burned w i th  a i r .  P a rt  o f  the  HgS 

is  o x id iz e d  to  SOg which reac ts  w i th  the remain ing HgS to  form 

e lemental s u l f u r  accord ing  to  the Claus re a c t io n :

2HgS + SOg -+ 3S + 2HgO

This process can o n ly  be used on a gas stream w ith  a h igh con ce n tra t io n  

o f  HgS (minimum HgS co n c e n tra t io n  is  about 15%). T h e re fo re ,  Claus u n i ts  

a re  o f te n  used to  t r e a t  the  concen tra ted  gas streams produced in  l i q u i d



ab so rp t io n  HgS removal u n i t s .

The e x i t  gas le a v in g  a Claus u n i t  con ta ins  more HgS than recen t 

environm enta l re g u la t io n s  a l lo w  (1 7 ) .  T he re fo re ,  a la rg e  number o f  

add-on systems f o r  removing the  HgS from Claus Process t a i l  gas have 

been developed. The m ajor t a i l  gas c leanup systems a re :  the Beavon

Process (18) which uses hydrogenation  fo l lo w e d  by trea tm en t w ith  

sodium carbonate s o lu t io n ,  the IFP Process (19) in  which HgS and SOg 

are reac ted  s t io c h io m e t r i c a l l y  to  elemental s u l f u r ,  the SCOT Process 

(20) in  which a l l  s u l f u r  compounds are c a t a l y t i c a l l y  converted  to  HgS 

and then removed by abso rp t ion  w i th  an a lk a n o lamine s o lu t io n ,  the 

S u lf ree n  Process (21 , 22) which uses an a c t iv a te d  carbon o r  alumina 

c a ta ly s t  to  conve rt  HgS to  elemental s u l f u r ,  the CBA Process (23) 

which a lso  uses a c a t a l y t i c  process to  conve rt  HgS to  s u l f u r ,  the  

Trencor M Process (24) which uses a p rop r ie ta ry .a q u e o u s  s o lu t io n  o f  - 

m e th y ld i e thanol amine to  absorb HgS, and the Catabon Process (25) in  

which a complexed p o ly v a le n t  metal, ion o x id iz e s  HgS to  s u l f u r .

In the H o lm es-S tre t fo rd  Process (26) HgS is  converted to  elemental 

s u l f u r  by being scrubbed w i th  an a l k a l i n e  s o lu t io n  c o n ta in in g  a 

vanadium s a l t  and an anthraqu inone d e r iv a t i v e .  The HgS is  converted to  

e lementa l s u l f u r  w h i le  the vanadium s a l t  is  reduced.

The Takahax Process (27) uses an a l k a l in e  sodium carbonate 

s o lu t io n  (pH = 8 .5 )  c o n ta in in g  1 ,4 -naph thoqu inone , 2 -s u l fo n a te  as a 

redox c a ta ly s t .  Hydrogen s u l f i d e  reac ts  w i th  sodium carbonate to.
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form sodium b i s u l f i d e  and sodium b ic a rb o n a te . The b i s u l f i d e  is  o x id iz e d  

by the  c a ta ly s t  to  produce f in e  p a r t i c le s  o f  s o l id  s u l f u r .

The Konox Process (28) is  based on the  abso rp t ion  o f  hydrogen 

s u l f i d e  w i th  a s tro n g  i r o n  ox ide o x id iz in g  agent. S u l fu r  i s  produced 

accord ing  to  the  fo l lo w in g  re a c t io n :  . - !

v i  i i i
’ 4Na2Fe O4  + SH3S -> 4NaFe02 + 4NaOH + 4H20 + 6S

An a l k a l i  arsenates and arseni tes  s o lu t io n  is  used to  scrub H2S 

from feed gas in  the  Giammarco Vetrocoke Process (2 9 ) .  Sodium 

th io a r s e n i te  is  produced in  the a b so rp t ion  s te p .  The th io a rs e n i te  is  

converted to  monoth ioarsenate in  an o x id iz in g  column. An a i r -b lo w n  

o x id iz in g  column is  used to  decompose the  monothioarsenate to  elemental 

s u l f u r  and a rs e n i te .

The S u lfo x  Process (30) uses an aqueous ammonia s o lu t io n  to  scrub 

H2S from the  feed gas stream. The r ic h  s o lu t io n  is  warmed, mixed 

w i th  a i r  and passed ove r a c a t a ly s t  which d i re c ts  the o x id a t io n  o f  

the  m ix tu re  to  y ie ld  m os tly  s u l f u r ,  accord ing  to  the  re a c t io n :

NH4HS + l / 2 0 2 + S + H2O + NH3 .

The s u l f u r  forms a separa te  molten phase -which is  w ithdrawn as p roduc t.

C. LABORATORY SCALE HgS REMOVAL PROCESSES. .

-  7 -

P h i l l i p s  Petroleum Company has te s te d  m o lecu la r  s ieves f o r  H2S
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removal (3 1 ) .  In a m o lecu la r  s ieve  d e s u l fu r iz e r  HgS is  adsorbed and a 

s im ultaneous r a t e - l im i t e d ,  adso rb en t-ca ta lyzed  r e a c t io n .o f  HgS w i th  ' 

any a v a i la b le  COg to  form carbonyl s u l f i d e  o c c u rs . The re v e rs ib le  

re a c t io n  in vo lve d  i s : i

HgS + CO2 t  COS + HgO

When carbonyl s u l f i d e  appears in  the  e x i t  gas, the  m o lecu la r  s ieve  u n i t  

must be regenera ted . Five com m erc ia lly  a v a i la b le  m o lecu la r  s ieves were 

te s te d  us ing  feed gas c o n ta in in g  30-160 PPM HgS. The s ie ve  which gave 

th e  b e s t  r e s u l t s  had a t ru e  HgS lo ad ing  o f  .8 8 * lb  HgS/lb s ie v e .

■ A dso rp t ion  o f . HgS on s o l i d  su rfaces  has been s tu d ie d  by a number 

o f  in v e s t ig a to r s .  A c t iv a te d  carbon ac ts  as a c a ta ly s t  as w e l l  as an 

adsorbent (3 2 ) .  In the presence o f  f re e  oxygen HgS is  ca ta lyze d  to 

elemental s u l f u r  accord ing  to  the  fo l lo w in g  r e a c t io n :

a c t iv e  carbon
I HgS + 1 /2  Og -*■ HgO + S

A dso rp t ion  o f  HgS on manganese d io x id e  and a c t iv a te d  carbon has been 

s tu d ie d  a t  the  U n iv e rs i t y  o f  I l l i n o i s  (3 3 ) .  Several a c t iv a te d  carbons 

were te s te d  a long w i th  manganese d io x id e  impregnated on sawdust. Both 

the  e f f i c ie n c y  and c a p a c ity  o f  the  MNOg-sawdust were found to  be b e t te r  

than those o f  any o f  th e  a c t iv a te d  carbons te s te d .  A d so rp t ion  o f  

hydrogen s u l f i d e  on Am berlyst A26 ion  exchange re s in  has been s tud ied  

(3 4 ) .  Rate curves and s o rp t io n  iso therm s were determined f o r  t h is  /
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system.

Removal o f  HgS using an o rgan ic  s o lu t io n  which converts  the HgS 

to  c r y s t a l l i n e  s u l f u r  has been s tu d ie d  a t  the  U n iv e rs i t y  o f  New 

Brunswick (3 5 ) .  I t  was found t h a t  the best l i q u i d  phase system cons is te d  

o f . a  m ix tu re  o f  83 volume percen t e thy le ne  g ly c o l  monoethyl e th e r  

(C e l lo s o lv e ) ,  15% w a te r  and, 2% d i b u ty l  amine. The w a te r  was found to
i

a c t  as a c a t a ly s t ,  s ince  no re a c t io n  occurred  in  w a te r - f re e  m ix tu re s .

The d i b u ty l  amine a l low ed n u c le a t io n  to  proceed to  produce g ra n u la r  

s u l f u r .

The U. S. Bureau o f  Mines has developed th ree  s in te re d  m a te r ia ls  

capable o f  removing HgS from producer gas a t  IOOO0F to  1500°F (3 6 ) .  The 

absorbents are  m ix tu res  o f  f e r r i c  ox ide  and f ly a s h ,  f e r r i c  ox ide and 

pumice s tone , and red mud (a f e r r i c  ox ide  -  c o n ta in in g  res idue  from 

b a u x ite  p ro c e s s in g ) .  Red mud has the  g re a te s t  c a p a c i ty ,  absorb ing 

16 w e igh t percen t s u l f u r  a t  1000°F, 24% a t  1250°F and 45.1% a t  1500°F.

A number o f  HgS removal processes have re c e n t ly  been pa ten ted .

U. S . 3,502,428 (37) covers HgS removal w i th  N-methylethan.olamine in  

2 ,2 d im e th y l - l ,3 -d io x o la n e -4 -m e th a n o l . U. S . 3,716,620 (38) describes 

a process f o r  p u r i f y in g  a gas c o n ta in in g  HgS o r  a mercaptan, wherein 

the  gas is  con tac ted  w i th  a s o lu t io n  o f  io d in e  and an amine in  an o rgan ic  

s o lv e n t .  Removal o f  ac id  gases from m ix tu res  by washing w i th  N- 

s u b s t i tu te d  e-capro lactams is  descr ibed  in  U. S. 3,653,809. (3 9 ) .

U. S. 3,409,520 (40) descr ibes an e le c t r o l y s i s  process f o r  removing
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HgS from a hydrocarbon gas m ix tu re .

D. USE OF MEMBRANES FOR GAS SEPARATIONS

A la rg e  number o f  membrane systems have been developed f o r  gas 

s e p a ra t io n s . In o rd e r  to  e f f e c t  a s e p a ra t io n  the membrane m a te r ia l 

a l low s  one component o f  a m ix tu re  to  permeate a t  a g re a te r  ra te  than 

the  o th e rs .  The source o f  membrane s e l e c t i v i t y  is  u s u a l ly  e i th e r  

p r e fe r e n t ia l  s o l u b i l i t y  o f  the des ire d  component o r  a low er re s is ta n c e  

to  t r a n s fe r  f o r  one component than f o r  o th e rs ,  o r  both (4 1 ) .

A commercial i n s t a l l a t i o n  f o r  the recovery  o f  hydrogen from a 

r e f i n e r y  gas m ix tu re  us ing  ho llow  f ib e r s  o f  dacron p o ly e s te r  has been 

in  o p e ra t io n  s ince  1969 (4 2 ) .  • •

The use o f  a membrane systems to  separa te  helium  from n a tu ra l gas 

has rece ived  cons ide rab le  a t te n t io n .  S tern e t .  a l . (43) s tu d ie d  a 

la rg e  number o f  polymer m a te r ia ls  w i th  he l ium , n i t r o g e n , and methane 

m ix tu re s .  Separa tion  fa c to rs  f o r  He-Ng and He-CH^ systems were repo r ted  

f o r  16 polymers in c lu d in g  s i l i c o n e  ru b b e r,  t e f l o n  FEP, p o ly s ty re n e ,  

p o ly v in y l  c h lo r id e ,  p o ly e th y le n e ,  p o ly v in y l  f l u o r id e ,  m y la r and saran. 

Large sca le  te s ts  have a lso  been conducted on the use o f  c e l lu lo s e  

a c e ta te  f i lm s  f o r  the sepa ra t ion  o f  he l ium  from n a tu ra l gas (44 ) .

The s e p a ra t io n  o f  oxygen from a i r  us ing an e th y l  c e l lu lo s e  f i lm  

has been s tu d ie d  (4 5 ) .  In a one-stage process oxygen cou ld  be enr iched 

to  32.6%.
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Labora to ry  sca le  sepa ra t ion  in fo rm a t io n  has been repo r te d  f o r  a 

la rg e  number o f  polymer systems.. Brubaker and Kammermeyer (46) 

presented data f o r  po lye th y le n e  w i th  fo u r  gas systems (He-Og, 

COg-Hg-Og-Ng, SOg-Og-Ng= NHg-Hg-Ng), T r i f iu o ro m o n o ch lo ro e th y le n e  w i th  

two gas systems (COg-Hg-Og-Ng, NHg-Hg-Ng) and c e l lu lo s e  ace ta te  

b u ty ra te  w i th  one gas system (COg-Hg-Og-Ng).. McCandless (47) tes te d  

fo u r  polymer m a te r ia ls  (cap ro lac tam , dacron, pary lene C po ly  (monochloro 

■para-xyly lene) and p o ly im id e )  w i th  a b in a ry  gas system o f  carbon 

monoxide and hydrogen.

T a ja r  and M i l l e r  (48) repo r te d  data f o r  the permeation o f  COg,

Og and Ng in  a fo u r  component membrane system composed o f  p o ly e th y l -  

enimine, p o ly v in y lb u t y r a l , epoxy and w a te r .  This membrane system was 

found to  be q u i te  s e le c t iv e  f o r  COg over Og and Ng. P e rm e a b i l i ty  

c o e f f i c i e n t  r a t io s  on the  o rd e r  o f  30:1 o r  g re a te r  were repo r te d .

M od if ied  v i n y l i dene f lu o r id e  membranes have been used in  two 

s tu d ie s . Se ibe l and McCandless (49) used v i n y l idene f l u o r id e  m od if ied  

w i th  s u l fo la n e  f o r  th e  s e pa ra t ion  o f  SOg from Ng. Separa tion  fa c to rs  

rang ing  from 30 to  100 were o b ta in e d . Zavaleta (50) s tu d ie d  a number 

o f  chemical m o d if ie rs  f o r  v in y l id e n e  f l u o r id e  in  o rd e r  t o  e f f e c t  the 

s e p a ra t io n  o f  SOg from Ng. The m o d if ie rs  te s te d  in c lu d e d :  s u l fo le n e ,

3-methyl s u l fo le n e ,  p -ami no s u l fo le n e ,  phenyl s u l fo n e ,  4 , 4 - s u l fony l 

d ip h e n o l,  and t e t r a h y d ro - 3 - thiophenamine 1 ,1 -d io x id e .  Membranes 

c o n ta in in g  18 w e igh t percen t s u l fo le n e  gave the best r e s u l t s .  Membranes



o f  t h is  com pos it ion  a llow ed a permeate stream c o n ta in in g  95.5 volume 

percen t SOg to  be ob ta ined  from a feed stream c o n ta in in g  5.6% SOg.

E. MEMBRANES FOR SEPARATING HgS FROM GAS MIXTURES

There is  some in fo rm a t io n  in  the l i t e r a t u r e  concern ing  membrane 

sepa ra t ions  o f  HgS. U. S. 3,819,806 (51) has been.awarded to  Ward, 

Salemme and Mayer f o r  an im m obilized  l i q u i d  membrane which is  used to  

separa te  HgS from a gas m ix tu re .  The d is s o c ia t io n  o f  HgS in  water 

proceeds^accord ing to  the fo l lo w in g  re a c t io n :

. H2S <- H+ + HS"

By fo rm ing an im m ob il ized  l i q u i d  membrane from an aqueous s o lu t io n  

c o n ta in in g  s p e c i f i c  an ions , the ac id  to  HS" t r a n s fe r  so prov ided 

g r e a t ly  increases the  t ra n s p o r t  o f  HgS across the  membrane from the 

va lue  expected based on d i f f u s i v i t y  and s o l u b i l i t y .

A recen t paper presented by Matson and Kimura (52) d iscussed 

h ig h ly  permeable and s e le c t iv e  po lym eric  membranes f o r  HgS removal 

which are based on the  p r in c ip le  o f  f a c i l i t a t e d  t r a n s p o r t .  Chemical 

re a c t io n  augments the  d i f f u s io n  process through the fo l lo w in g  re a c t io n :

H2S + CO3= Z - HS" + HCO3"

Robb (53) repo r te d  the p e rm e a b i l i t ie s  o f  a number o f  g a s e s , in c lu d in g  

hydrogen s u l f i d e ,  in  a d im e th y l - s i l i c o n e  rubber c o n s is t in g  o f  d imethyl
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s i lo x a n e  p lus 33% by w e igh t s i l i c a  f i l l e r .  The p e rm e a b i l i ty  o f  HgS in

the f i lm  was s i g n i f i c a n t l y  g re a te r  than th a t  o f  the  a tmospheric  gases

n it ro g e n  and oxygen. The va lue  o f  the  p e rm e a b i l i ty  cons tan t f o r  HgS

is  1000 x 10 ^ ccgas (RTF) cm/sec cm^cmHgAP compared to  28 x 10 ^

ccgas (RTP)cm/sec cm cmHgAP f o r  n i t ro g e n  and 6 x 10-y  ccgas(RTP)cm/sec 
2

cm cmHgAP f o r  oxygen (RTF in d ic a te s  room temperature and p ressu re ) .

Dimethyl s i l i c o n e  membranes which have much g re a te r  p e rm e a b i l i ty  

to  HgS than a tmospheric  gases have been developed by General E le c t r i c  

(5 4 ) .  P e rm e a b i l i ty  o f  HgS is  repo r te d  as 840 x 10- ^ ccgas(RTP)cm/sec
o  1 _ g  2

cm cmHgAP compared to  25 x 10 ccgas (RTP)cm/sec cm cmHgAP f o r  n i t ro g e n
_  Q p

and 50 x 10 ccgas (RTP) cm/sec cm cmHgAP f o r  oxygen. .

The p e rm e a b i l i ty  o f  severa l commercial f i lm s  to  hydrogen s u l f i d e  

gas was s tu d ie d  by Heilman, e t .  al (5 5 ) .  The f i lm s  te s te d  inc luded  

Nylon 6 polyamide, c e l lu lo s e  a c e ta te ,  rubber h y d ro c h lo r id e , c e l lu lo s e ,  

p o ly e th y le n e ,  po ly  v in y l  b u t y r a l ,  p o ly v in y l  t r i f l u o r o a c e t a t e ,  m y la r , 

p o l y v in y l i dene c h lo r id e  and e th y l c e l lu lo s e .



THEORETICAL BACKGROUND

A. NATURE OF THE TRANSPORT PROCESS 1 '

The permeation o f  a gaseous m ix tu re  through a po lym eric  m a te r ia l

in v o lv e s  th re e  t ra n s p o r t  stages (F ig u re  I I I - l ) .

These stages a re :

(1 ) T ranspo rt  from the  gas m ix tu re  to  the membrane s u r fa ce .

(2) T ranspo rt  through the membrane.

(3 ) T ranspo rt  from the membrane to  the  permeate stream.

B. TRANSPORT THROUGH A GASEOUS FILM

In gas-phase perm eation , t ra n s p o r t  to  the.membrane su r face  and 

from the  membrane su r face  prov ides n e g l ig ib le  re s is ta n c e  compared to  

t h a t  o f  t ra n s p o r t  through the  membrane (5 6 ) .  The c o n c e n tra t io n  g ra d ie n t  

between the  h igh pressure s id e  o f  the membrane and the  bu lk  gas can 

be g r e a t ly  reduced by m a in ta in in g  a h igh  gas f lo w  ra te  across the high 

pressure s id e  o f  the  membrane, as was done in  t h i s  s tudy .

TRANSPORT THROUGH A POLYMERIC MEMBRANE

The bas ic  equa tion  d e s c r ib in g  membrane d i f fu s io n  t ra n s p o r t  a t  

s teady s ta te  is  (57 ) :

Na = -  D -  -UTm ( I )

This equa tion  d i f f e r s  from the  P ic k 's  f i r s t  law equa tion  by 

a d d i t io n  o f  the second term due to  the presence o f  the  membrane. In
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PERMEATE

FIGURE I I I - I . CONCENTRATION PROFILES OF COMPONENT a IN THE

MEMBRANE AND ITS VICINITY
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gaseous d i f f u s io n  the  second term is  u s u a l ly  n e g l ig ib le  (5 8 ) .  

N e g le c t ing  t h i s  term y ie ld s

Na -  D
3.C
T z

a
(2 )

which is  the mathematical express ion  o f  P ic k 's  f i r s t  law f o r  steady 

s ta te  d i f f u s io n .

Since the c o n c e n tra t io n  is  a fu n c t io n  on ly  o f  d is ta n ce  through 

th e  membrane, whole d e r iv a t iv e s  can be used.

Na = -D f a
dZ (3)

I f  an average va lue  o f  the d i f f u s i v i t y  is  used. Equation 3 can be 

in te g ra te d  s u b je c t  to  the  fo l lo w in g  boundary c o n d it io n s :

to  g ive

(4)

(5)

doing the  in te g r a t io n  re s u l t s  in  the  express ion

- N a U 1 -  Z 2 ) = - D  (C a l  -  Ca 2 ) ' ( 6 )

(Z2 -  Z1) represen ts  the th ickness  o f  the membrane, I ,  so the  fo l lo w in g  

equations can be w r i t t e n :
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(7 )

o r

( 8 )

The s o l u b i l i t y  o f  a gas in  a polymer a t  e q u i l ib r iu m  can be ' 

descr ibed  by a Henry 's  Law exp ress ion , where the cons tan t S represents  

the s o l u b i l i t y  o f  the gas in  the polymer.

Since the permeation process is  g e n e ra l ly  s low , the use o f  t h i s  

e q u i l ib r iu m  r e la t io n s h ip  between the c o n ce n tra t io n  o f  sorbed gas and 

the  p a r t i a l  p ressure a t  the  in te r fa c e  can be used.

S u b s t i tu t in g  the Henry 's  Law express ion  in to  equation 8 r e s u l ts  

in  the  exp ress ion :

I f  s o l u b i l i t y  is  assumed to  be a fu n c t io n  on ly  o f  tem pera tu re , 

and both membrane su rfaces  are a t  the  same tem pera tu re , then

(9)

( 10)

( 11)

and

(12)
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The p a r t ia l  pressures a t  the in te r fa c e s  can be expressed in  terms 

o f  the  t o t a l  pressures:

(13)

%  = pZ^a2

Making t h is  s u b s t i t u t io n  y ie ld s :

„ OS (P1(Xa i )0 - P2[ya;, ) 0 )
d L ( M )

From t h i s  express ion  i t  is  c le a r l y  seen th a t  the f l u x  o f  gas 

th rough a membrane is  dependent on s o l u b i l i t y  and d i f f u s i v i t y  o f  the 

gas in  the membrane. One o f  the o b je c t iv e s  o f  t h is  research is  to  

add p la s t i c i z e r s  to  po lym eric  membranes in  o rd e r  to  inc rease  s o l u b i l i t y  

and thereby  inc rease  the f l u x  o f  the  des ired  component (HgS).

D. POLYMER CHEMISTRY ASPECTS

Gases are t ra n s p o r te d  through a p o ly m e r ic . nonporous membrane by 

means o f  d i f f u s io n .  As can be seen from Equation 14 the process depends 

on th e  s o l u b i l i t y  o f  the  pene tran t in  the  membrane as w e l l  as the 

m o b i l i t y  o f  the pen e tran t molecule in  the  polymer m a t r ix .

A t  a g iven moment a pen e tran t molecule can be v is u a l iz e d  as 

occupying a vacant s i t e  e x is t in g  between ad jacen t polymer, c h a in s . The 

pen e tran t  proceeds, under the  in f lu e n c e  o f  a c o n c e n tra t io n  g ra d ie n t ,  

from one p o s i t io n  to  ano the r and e v e n tu a l ly  achieves a f i n i t e  jump in



)

the d i r e c t io n  imposed by the co n c e n tra t io n  g ra d ie n t .  The o v e ra l l  motion 

o f  a p a r t i c le  c o n s is ts  o f  a s e r ie s  o f  s teps o r  d i f f u s io n a l  jumps.

Gases are unable to  permeate through c r y s t a l l i n e  reg ions  o f  a 

polymer because polymer chains in  these reg ions are t i g h t l y  l in k e d ,  

le a v in g  no vacant s i t e s  f o r  gas molecules to  move i n t o .  C r y s ta l l in e  

reg ions  have severa l o th e r  nega tive  e f fe c ts  on the  ra te  o f  gaseous 

d i f f u s io n  through a polymer. The th re e  p r in c ip le  e f fe c ts  a re : the

re d u c t io n  in  the a v a i la b le  polymer volume f o r  d i f f u s io n ,  the  t o r t u o s i t y  

in v o lv e d  in  by-pass ing  c r y s t a l l i n e  a reas , and the  decrease in  the 

m o b i l i t y  o f  amorphous cha in  segments as a r e s u l t  o f  the  presence o f  

. c r y s t a l l i n e  reg ions  which may a c t  as c r o s s l in k s .

A t  the  g lass t r a n s i t i o n  tem pera ture  o f  a polymer th e re  is  a 

change in  phys ica l p ro p e r t ie s  o f  the  polymer. Above the  glass t r a n s i t i o n  

temperature th e re  is  increased m o lecu la r  freedom. That i s ,  m o lecu la r  

cha in  segments are f re e  to  v ib ra te ,  and t w i s t .  Movement o f  pene tran t 

molecules through the polymer is  much e a s ie r  above the  g lass t r a n s i t i o n  

tem pera ture .

The a d d i t io n  o f  p la s t i c i z e r s  o r  m o d if ie rs  to  a polymer has severa l 

e f f e c t s . P la s t ic iz e r s  inc rease  the  d i f f u s i v i t y  o f  a g iven gas o r  

vapor. The increase is  a t t r ib u te d  to  the  increase in .p o ly m e r  segmental

m o b i l i t y  as a r e s u l t  o f  lower cohesive fo rce s  between chains (59 ) .
! ■«

M o d if ie rs  a lso  lower the g lass  t r a n s i t i o n  tempera ture by a l lo w in g  f o r  

increased m o b i l i t y  o f  polymer chain segments. S o lu b i l i t y  o f  gases o r

— 19 —
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vapors may-also be g r e a t ly  increased by th e  a d d i t io n  o f  m o d i f ie r s , 

p a r t i c u l a r l y  when the  gas o r  vapor is  s o lu b le  in  the  m o d i f ie r .  The 

n e t  e f f e c t  o f  m o d i f ie r  a d d i t io n  is  a marked increase  in  the  gas 

permeation r a te .

E. TEMPERATURE EFFECTS

As can be seen from Equation 14:

DS( W o  - lV v U
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the  e f f e c t  o f  tempera ture on permeation f l u x  w i l l  depend p r im a r i l y  on 

the manner in  which d i f f u s i v i t y  (D) and s o l u b i l i t y  (S) depend on 

tem pera ture  i f  the  o p e ra t in g  pressures remain cons tan t .

The temperature, dependence o f  d i f f u s i v i t y  conforms w i th  an 

A r rh e n ius - type  r e la t io n s h ip  (6 0 ) ,

D = D0
-E/RT

e (15)

By measuring d i f f u s i v i t i e s  a t  severa l temperatures an A rrhen ius 

p lo t  o f  InD vs 1/T y ie ld s  the a c t iv a t io n  energy f o r  d i f f u s io n  o f  the 

pene tran t in  the  polymer (6 1 ) .

I t  is  c le a r ,  th e n ,  t h a t  in c re a s in g  the  tempera ture o f  a permeation 

system w i l l  cause the  d i f f u s i v i t y  to  inc rease  e x p o n e n t ia l ly  w i th  

abso lu te  tem pera tu re .

For s o rp t io n  o f  gases in to  s o l id  polymer systems, s o l u b i l i t y

a lso  fo l lo w s  an A r rh e n ius - type  r e la t io n s h ip  (6 2 ) ,
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n -Ah/RT 
S = S0 e (16)

where Ah is  the  apparent heat o f  s o lu t io n .  Another means o f  express ing  

th is  dependence on tem pera tu re  is  in  terms o f  the  H enry 's  Law cons tan t

( 6 3 ) ,
o -W R T

H = H0 e (17)

Thus, in c re a s in g  tem pera tu re  increases gas s o lu b i l i t y  in  an 

unm od ified  polym er f i lm .

• . However, f o r  m o d ifie d  f i lm s  to  which l iq u id  m o d if ie rs  have been 

added, the  tem pera ture  e f fe c t  on s o lu b i l i t y  is  more co m p lica ted .

The s o lu b i l i t y  o f  gases in  l iq u id  m o d if ie rs  u s u a lly  decreases as 

tem pera ture  is  in c re a se d . S ince the gases are much more s o lu b le  in  

the  m o d if ie r  than in  the base po lym er, i t  is  p o s s ib le  th a t  th is  e f fe c t  

outweighs the  increased  s o lu b i l i t y  o f  gases in  th e  polym er. T h e re fo re , 

f lu x  cou ld  a c tu a l ly  decrease w ith  in c re a s in g  tem pera tu re .

For a m o d ifie d  polym er f i lm , d i f f u s i v i t y  increases as tem pera ture 

in c re a se s , w h ile  the  s o lu b i l i t y  term  is  acted on by opposing e f fe c ts .

For unm od ified  f i lm s ,  d i f f u s i v i t y  increases as tem pera ture  

increases and the  s o lu b i i ty  o f  the  gases in  the  polymer a lso  in c re a s e s .

However, s tu d ie s  w i t  p o ly e th y le n e  (64) have shown th a t  both 

s o lu b i l i t y  and d i f f u s iv i t y  .re dependent on c r y s t a l l i n i t y .  S o lu b i l i t y  

was found to  be d i r e c t ly  p ro p o rt io n a l to  th e  volume pe rcen t amorphous 

m a te r ia l p re se n t. I t  is  reasonable  to  assume th a t  th is  c r y s t a l l i n i t y



dependence w i l l  be t ru e  f o r  o th e r  systems in c lu d in g  the  f i lm s  te s te d  in  

t h is  resea rch . T h e re fo re , d iffe re n c e s  between the  tem perature-perrneate - 

f lu x  r e la t io n s h ip  fo r  d i f f e r e n t  f i lm s  may be due to  d iffe re n c e s  in  

c r y s t a l l i n i t y .

Because d i f f e r e n t  gases have d i f f e r e n t  values o f  a c t iv a t io n  energy 

f o r  d i f fu s io n  and hea t o f  s o lu t io n ,  the  values o f  d i f f u s i v i t y  and 

s o lu b i l i t y  cons tan ts  w i l l  change a t  d i f fe r e n t . r a te s  w ith  tem pera tu re . 

T h e re fo re , a change in  tem pera ture  w i l l  change the  com pos ition  o f  the 

permeate gas.
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F, DEFINITION OF THE SEPARATION FACTOR

The lo c a l s e p a ra tio n  fa c to r  a o f  component a in  a gaseous m ix tu re

is  de fin e d  as:
V (1-ya)V crV (17)

I f  p e r fe c t  m ix in g  can be assumed, the  lo c a l s e p a ra tio n  fa c to r  aQ 

has a co n s ta n t va lue  f o r  any p o in t  in  the  membrane and is  id e n t ic a l to  

th e  o v e ra l l s e p a ra tio n  fa c to r  a.

The s e p a ra tio n  fa c to r ,w h ic h  is  analogous to  the  " r e la t iv e  

v o l a t i l i t y "  in  d i s t i l l a t i o n ,  g ives an idea o f  the s e le c t i v i t y  o f  a 

membrane w ith  re sp e c t to  a component o f  a gaseous m ix tu re . The h ig h e r 

the  se p a ra tio n  fa c to r ,  the  h ig h e r th e  s e le c t iv i t y  f o r  the  des ired  

component. ■



EXPERIMENTAL EQUIPMENT, MATERIALS, AND PROCEDURES

A. DESCRIPTION OF EQUIPMENT

The arrangem ent o f  the  expe rim enta l equipment used in  th is  

perm eation s tudy  is  shown s c h e m a tic a lly  in  F igure  IV -1 . The equipment 

c o n s is ts  o f  the  fo llo w in g  p a r ts :  th e  perm eation, c e l l , a co n s ta n t

tem pera tu re  enc losu re  and tem pera ture  measuring in s tru m e n ts , gas m ix tu re  

s to ra ge  and fe e d in g  equ ipm ent, purge gas system components, permeate 

ra te  measurement equipm ent, gas com pos ition  a n a ly s is  equipm ent, and 

equipment f o r  a n a lyz in g  the su rfa ce  and com position  o f  membranes.

A d e s c r ip t io n  o f  the  in d iv id u a l components fo llo w s :

( I )  Permeation C e ll

A diagram o f  the  perm eation c e l l  is  shown in  F igu re  IV -2 . I t  is  

fa b r ic a te d  from  two s ta in le s s  s te e l b la n k .fla n g e s  which are  5 /8  inch  

th ic k  and 4 .5  inches in  d iam e te r. A c a v ity  is  machined in to  each 

f la n g e . On the  h igh p ressure  s id e  th e  c a v ity  a llow s feed  gas to  

c ir c u la te  and move across th e  membrane s u rfa c e . On the  permeate s ide  

a porous s ta in le s s  s te e l d is k  covered w ith  f i l t e r  paper is  p laced in  

the  c a v ity  to  su p p o rt the  membrane. The membrane is  sea led  between 

two te f lo n  gaskets and the perm eation c e l l  is  clamped sh u t by e ig h t  

equ a lly -sp aced  b o l ts .  The gasket open ings, w h ic h .determ ine the exposed
O

membrane s u rfa c e , have an area o f  20.3 cm . The c e l l  has a tu b u la r  

therm ocouple w e ll on the  h igh  pressure  s id e . •
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( I )  Feed Gas C y lin d e r (2 ) Pressure R egu la to r (3 ) M etering Needle Valve (4 ) Constant 

Temperature Enclosure (5 ) Tubing C o il (6 ) Permeation C e ll (7 ) High Speed Fan

(8 ) Pressure Gauge (9 ) Back Pressure R egu la to r (10) Sampling Septum (Vent Gas)

( I I )  Rotameter (12) Sampling Septum (Permeate) (13) Length Measurement (14) C a lib ra te d  

T e flo n  Tube (15) O il Seal (16) Purge Gas C y lin d e r (17) Low Pressure Regulator

(18) Check Valve (19) B lock Valve

FIGURE IV -1 . SIMPLIFIED DIAGRAM OF PERMEATION EQUIPMENT



To Purge Gas 
 ̂ System

Permeate to  
Measurement

High Pressure 
Feed GasHigh Pressure 

Gas to  Vent

( I )  Membrane (2 ) T he rm is to r and Thermocouple (3 ) Gaskets 

(4 ) F i l t e r  Paper (5 ) Porous S ta in le s s  S teel D isk

FIGURE IV -2 . PERMEATION CELL DIAGRAM
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(2 ) . Constant Temperature Enclosure and Temperature Measuring Equipment

The co n s ta n t tem pera ture  enc losu re  is  co n s tru c te d  from  a s e c tio n  o f, 

18 inch  d iam e te r asbestos p ipe  12 inches h ig h . . The p ipe  w a ll th ickne ss  

is  3 /4  in c h . The bottom, o f  the  enc losu re  is  sealed w ith  a 1/4 inch 

asbestos board , and the  bottom  and s ides o f  the  enc losu re  are lin e d  

w ith  3 /4  inch  th ic k  f ib e rg la s s  in s u la t io n .  The I id  o f  the  enc losure  

c o n s is ts  o f  3 /4  inch  in s u la t io n  sandwiched between 1/4  inch  asbestos 

boards. To in s u re  a t ig h t  seal the  in s u la t io n  and low er board have a 

d iam e te r equal to  th e  in n e r d iam ete r o f  the  enc losure  w h ile  the top  

asbestos board has a d iam e te r equal to  th e  o u te r  d iam e te r o f  the  co ns tan t 

tem pera ture  e n c lo su re . Gas l in e s  e n te r  the  enc losu re  th rough grooves 

c u t in  th e  top  s u rfa ce  o f  the  asbestos p ipe  s e c t io n . Two 1/4  inch 

ho les  are cut. in  the top  o f  the e n c lo s u re . A therm om eter is  placed 

in  one, and the  o th e r  p rov ides  access to  a s i l ic o n e  rubber septum which 

a llo w s  samples o f  the .perm ea te  gas to  be taken w ith o u t d is tu rb in g  the  

co n s ta n t tem pera ture  e n c lo su re . The permeate l in e  leaves the  enc losure  

th rough  a 1 /4  in ch  ho le  in  the. s id e  o f  the  enc lo su re .

For runs above room tem p e ra tu re , hea t is  p rov ided  by two 500 w a tt 

hea te rs  p laced in  the  bottom  o f  th e  e n c lo su re . The hea te rs  are  covered 

w ith  a p iece  o f  asbestos board to  s h ie ld  the  perm eation c e l l  and feed 

l in e s  from  d i r e c t  exposure to  the  h e a te rs . The in p u t c u r re n t  to  one 

o f  the  hea te rs  is  c o n t ro lle d  by a P ow ersta t (The S u p e rio r E le c t r ic  

Company) v a r ia b le  tra n s fo rm e r, w h ile  the  in p u t to  th e  o th e r  hea te r is  .
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c o n t ro lle d  by a Therm istenp Model 63 th e rm is to r  tem pera ture  c o n t r o l le r  

(Y e llow  S prings Ins trum en t Company) th rough ano the r Pow ersta t v a r ia b le  

tra n s fo rm e r. The system is  diagrammed in  F igu re  IV -3 . The th e rm is to r  .. 

probe and an iro n -c o n s tan tan  therm ocouple f o r  tem pera ture  measurement 

a re  mounted in  the therm ow ell s e c tio n  o f  a te e  lo ca te d  a t  the  gas in le t  

to  the  h igh  pressure  s id e  o f  the  perm eation c e l l .  The therm ocouple is  

connected to  a Speedomax Type G (Leeds and N orth rop) c h a r t re c o rd e r.

A h igh speed 24 w a tt fan  ( Pamotor Model 4500) is  mounted on the  asbestos 

b a f f le  to  c i r c u la te  a i r  and in s u re  un ifo rm  tem pera ture  in  the  e n c lo su re . 

A m ercury thermom eter is  used to  de term ine the  tem pera ture  o f  the 

a i r  in s id e  the  e n c lo su re . 3

(3 ) Gas M ix tu re  Storage and Feed Equipment
O

The feed gas m ix tu re s  are  s to re d  in  285 f t  (STP) s iz e  gas c y lin d e rs  

(N a tio n a l C y lin d e r  Gas D iv is io n  o f  Chemetron C o rp o ra tio n ) . Flow is  

c o n t ro lle d  us ing  a Matheson Model B16 c o r ro s io n - re s is ta n t  pressure 

re g u la to r .  The re g u la to r  p ressu re  is  s e t ju s t  above th e  des ired  

o p e ra tin g  p ressu re . A Grove M ighty M ite  back pressure  re g u la to r  

lo c a te d  downstream o f  th e  membrane te s t  c e l l  is  used to  s e t the 

o p e ra tin g  p ressu re . O pera ting  p ressure  is  checked using a Matheson 

Company pressure  gauge lo c a te d  ju s t  ups tream .o f th e  back pressure 

re g u la to r .  Gas f lo w  ra te  is  determ ined us ing  a c a l ib ra te d  ro tam e te r 

(F is c h e r  and. P o rte r  Company) p laced a f te r  the  back pressure  re g u la to r
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( I )  Feed Gas (2 ) Heaters (3 ) Heat Exchange C o il (4 ) Fan (5 ) Permeation 

C e ll (6 ) Thermal In s u la t io n  (7 ) Constant Temperature Enclosure (8 ) Permeate 

(9 ) Thermometer (10) Thermocouple Probe (11) Exhaust Gas (12) T he rm is to r Probe 

(13) V a ria b le  Transform ers (14) Temperature Recorder (15) Thermistemp Temperature 

C o n tro l le r  (16) Power Supply (17) Asbestos B a ff le  (18) Purge Gas

FIGURE IV -3 . CONSTANT TEMPERATURE ENCLOSURE — HIGH TEMPERATURE
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and is  s e t us ing  a W hitey m ic ro -m e te rin g  va lve  w ith  a v e rn ie r  handle .

To in s u re  u n ifo rm  gas tem p e ra tu re , a 60 fo o t  c o i l  o f  1 /8  inch  s ta in le s s  * 

s te e l tu b in g  is  connected in to  the feed l in e  ju s t  upstream o f  the 

membrane s u rfa c e . A l l  tu b in g  in  the  feed system is  1 /8  in ch  s ta in le s s  

s t e e l .

(4 ) Purge Gas System Components

To remove a l l  n itro g e n  from  the  permeate l in e ,  and the reby  

in c re a se  the  accuracy o f  permeate com pos ition  measurements, a purge 

gas system is  used. The purge gas system is  shown in  F igu re  IV -1 . I t  

in c lu d e s  a gas c y lin d e r  ( Matheson Company) equipped w ith  a Matheson 

pressure  re g u la to r  and a m e te ring  v a lv e . Purge gas is  fed  from  the 

c y lin d e r  through a check v a lv e , a b lo ck  v a lv e , and then in to  the 

permeate l i n e .  Both he lium  and carbon d io x id e  are used as purge gases.

(5 ) Permeate Rate Measurement Equipment

The ra te  o f  perm eation is  determ ined by t im in g  the  movement o f  a 

column o f  pump o i l  (VanWaters & Rogers) in s id e  a c a l ib ra te d  4 fo o t  

s e c t io n  o f  te f lo n  tu b in g  (Chemplast In c . Chemfluor Specia l FEP T u b in g ). 

The tu b in g  is  c a l ib ra te d  by de te rm in in g  the  w e igh t o f  w a te r re q u ire d  to  

f i l l  a g iven  le n g th  o f  tu b in g . The volume per u n i t  le n g th  o f  the 

tu b in g  has been determ ined to  be .034 cc/cm . The o i l  is  moved in to  

read ing  p o s it io n  by draw ing gas o u t o f  th e  permeate l in e  through a 

s i l ic o n e  rubber septum w ith  a .5 cc gas s y r in g e .
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(6 ) Gas Com position A n a lys is  Equipment

Gas samples are  taken through s i l ic o n e  rubber septums placed in  

the  feed and permeate l in e s  us ing  a .5cc "p re s s u re - lo k "  sy rin g e  

(P re c is io n  Sampling C o rp o ra tio n ) . ,

Samples are analyzed us ing  a Varian  Aerograph S e ries  1400 therm al 

. c o n d u c t iv ity  gas chromatograph coupled w ith  a Sargent Model SR c h a rt 

re c o rd e r. The chromatograph column is  a 6 fo o t  s e c tio n  o f  1 /8  inch  

s ta in le s s  s te e l tu b in g  packed w ith  Porapak Q-S packing (Waters 

A s s o c ia te s , I n c . ) .

The fo llo w in g  o p e ra tin g  c o n d it io n s  a re  used:

Column Temperature -  I lS 0C 

' D e te c to r Temperature -  I lO 0C 

C a rr ie r  Gas, Flow -  17.6 m l/m in  

D e te c to r C u rren t -  150 m i l l i amperes 

C a r r ie r  Gas -  Helium

The chromatograph is  c a l ib ra te d  us ing  d i f f e r e n t  volumes o f  pure 

n itro g e n  and hydrogen s u l f id e .

I t  has been found (65). th a t  f o r  t h is  system d u p lic a te  analyses o f  

gas samples o f  known com positions are accu ra te  to  about ±1% o f  the 

a b so lu te  amount p re se n t.

(7 ) Membrane Surface and Com position A n a lys is  Equipment

A Carl Zeiss m u lt i- o c u la r  l i g h t  m icroscope is  used to  examine the  

su rfaces  o f  a l l  v in y l i dene f lu o r id e  membranes fo r  ho les o r  o th e r  d e fe c ts . 

The m icroscope a llow s  m a g n ific a t io n s  o f  40x, IOOx, 200x and 400x to  be
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used.

Many o f  the  m o d ifie d  v in y lid e n e  f lu o r id e  membranes have been 

examined us ing  a scanning e le c tro n  m icroscope ( I . S . I .  Model SMS 2-2 

"Super 11", m anufactured by In te rn a t io n a l S c ie n t i f ic  In s tru m e n ts , In c .). 

The e le c tro n  m icroscope g ives c le a re r  images and a llow s  h ig h e r 

m a g n if ic a t io n  to .b e  used. A ls o , photographs are made th rough the 

e le c tro n  m icroscope to  p ro v id e  a record  o f  th e  surface , c h a ra c te r is t ic s  

observed.

To check f o r  th e  presence o f  re s id u a l d im e th y lformamide so lv e n t 

in  the  v in y lid e n e  f lu o r id e  membranes, samples o f  a membrane made w ith  

no m o d if ie r  a re  te s te d  us ing  an in fra re d  spectropho tom ete r (Beckman 

Ins trum en ts  Model IR5A). Membrane samples are mounted in  s t i f f  

paper ho ld e rs  f o r  te s t in g .

B. MATERIALS

The fo llo w in g  is  a l i s t  o f  th e  m a te r ia ls  used in  th is  research :

■ I .  V in y lid e n e  F lu o r id e  -  used as the  base polym er f o r  many o f  

the  membranes te s te d  in  th is  s tu d y . V in y lid e n e  f lu o r id e  re s in  is  

com m erc ia lly  a v a ila b le  under the  tradename o f  Kynar, Grade 301 from  

Pennwalt C o rp o ra tio n . No-a n tio x id a n ts  are used in  the  re s in .

2 . D im ethylform am ide -  used as a s o lv e n t f o r  v in y lid e n e  f lu o r id e  

and the m o d if ie r  to  form  a s o lu t io n  from  which membranes are  c a s t.

Baker grade d im ethylfo rm am ide was purchased from  J . T . - Baker Chemical



Company.

3. S u lfo le n e  -  purchased from  P h i l l ip s  Petroleum  Company in  

I  lb .  c o n ta in e rs .

4 . 1 -M e th y l-2 -P y rro li d i none -  purchased from  J. I .  Baker Chemical
I

Company in  500 g b o t t le s .  1

5. Monoethanolamine -  ob ta ined  from  Union Carbide C o rpo ra tion  

in  32 f l u i d  ounce c o n ta in e rs .

6 . T rie th a n o la m in e  -  ob ta ined  from  Union Carbide C o rpo ra tion  

in  8 f l u i d  ounce b o t t le s .

7. 3-M ethyl S u lfo le n e  -  purchased from  P h i l l ip s  Petroleum  

Company in  I  lb  c o n ta in e rs .

8 . M onoisopropanolamine -  ob ta ined  from  Union Carbide C o rpo ra tion  

in  8 f l u i d  ounce c o n ta in e rs .

9. D iisop ropano l amine -  ob ta ined  from  Union Carbide C o rpo ra tion  

in  8 f l u i d  ounce c o n ta in e rs .

10. M orpho line  -  ob ta ined  from  Union Carbide C o rpo ra tion  in  8 

f l u i d  ounce c o n ta in e rs .

11. Hydrogen S u lf id e  -  p u r i f ie d  grade , purchased from  the  

Matheson Company in  c y lin d e rs  c o n ta in in g  22 pounds.

12. N itroge n  -  la b o ra to ry  grade, purchased from  Chemetron Corpora­

t io n  in  c y lin d e rs  c o n ta in in g  285 .cu b ic  fe e t  (STP).

13. Helium -  la b o ra to ry  grade, purchased from  Chemetron C o rpo ra tion  

in  c y lin d e rs  c o n ta in in g  285 cu b ic  fe e t  (STP).
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14. Carbon D iox ide  -  in d u s t r ia l  g rade , purchased from  Chemetron 

C o rp o ra tio n  in  c y lin d e rs  w ith  a ne t w e ig h t o f  20 pounds.

15. P o lysu lfo n e  f i lm  -  compound P-1700 p o ly s u lfo n e  f i lm  (.002  inch  

th ic k )  was ob ta ined  from  Union Carbide C o rp o ra tio n .

16. D im ethyl S i l ic o n e  f i lm  -  unbacked f i lm  was purchased from 

General E le c t r ic  C o rpo ra tion  in  standard  I  fo o t  by I  fo o t  squares w ith  

a th ic k n e s s  o f  I  m i l .

17. S i l ic o n e  Po lycarbonate  Copolymer f i lm  -  tradenamed MEM-213, 

t h is  f i lm  was purchased from  General E le c t r ic  C o rp o ra tio n  in  standard 

I  fo o t  by I  fo o t  squares w ith  a th ickn e ss  o f  I  m i l .

18. Polyamide f i lm  -  two d i f f e r e n t  types o f  th is  f i lm ,  tradenamed 

Capran, were ob ta ined  from  A l l ie d  Chemical C o rp o ra tio n . Capran 77C 

sheets I  m il th ic k  were te s te d  a t  low tem pera tu res . Heat s ta b i l iz e d  

Capran 80 f i lm  I  m il th ic k  was te s te d  a t h ig h e r tem pera tu res .

19. P o ly e th e rs u lfo n e  f i lm  -  was ob ta ined  from  I . C . I .  U n ited S ta tes, 

In c . in  sheets having a th ickn e ss  o f  2 m il .

20. Poly V in y l F lu o r id e  f i lm  -  DuPont "T e d la r"  f i lm  number 

100AG30UT was ob ta ined  in  8 -1 /2  inch  by 11 inch  sheets .001 inch  th ic k .

21. F i l t e r  Paper -  Whatman q u a l i t a t iv e  number 5.

22. Masking tape -  H igh land  brand u t i l i t y  grade tape was purchased 

in  r o l l s  3 /4  inch  wide x 60 y a rd s .

23. Rate Measuring F lu id  -  pump o i l  from  Van Waters & Rogers 

Company, C ata log Number 54996.
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C. EXPERIMENTAL PROCEDURE

(1 ) P re p a ra tio n  o f  Gas M ix tu res

The gas m ix tu re s  o f  H2S-N2 are prepared as fo llo w s :

A gas c y l in d e r  is  evacuated us ing  a vacuum pump. The c y lin d e r  is
!

pressured up w ith  H2S to  the  re q u ire d  p ressu re .

N itroge n  is  then added u n t i l  the  chosen f in a l  p ressure  is  reached. 

The c y lin d e r  is  then p laced c lo se  to  a h e a te r f o r  one week to  in su re  

th a t  com plete m ix in g  w i l l  take  p la c e . The m ix tu re s  are  found to  be 

ve ry  u n ifo rm  in  com pos ition  based on p e r io d ic  a n a ly s is  w ith  the  

c a l ib ra te d  gas chrom atograph.

(2 ) C a lib ra t io n  o f  Gas Chromatograph

The Porapak Q-S column used f o r  a n a ly s is  o f  H2SZN2 m ix tu re s  is  

c a l ib ra te d  us ing  d i f f e r e n t  volume samples o f  pure hydrogen s u l f id e  

and n itro g e n . The samples are taken w ith  a. .5 cc .."p ressu re -!o k " 

sy ringe , (P re c is io n  Sampling C o rp o ra tio n ) through a s i l ic o n e  rubber 

septum mounted on a low p ressure  re g u la to r  a t  10 p s ig ..  Samples are 

analyzed us ing  a Varian  Aerograph Model 1400 low volume therm al 

c o n d u c t iv ity  gas chromatograph coupled w ith  a Sargent Model SR c h a rt 

re c o rd e r . The sample te s ts  are repeated severa l tim es to  in su re  

r e p r o d u c ib i l i t y ,  which was found to  be ve ry  good. The H2S and N2 

peaks recorded on the  re co rd e r c h a r t paper are then cop ied on a Xerox 

c o p ie r  us ing  s tandard  copying paper (4024 dual purpose w h ite )  and the
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r e s u lt in g  peaks are c u t o u t and t h e i r  w e ig h t determ ined us ing  a M e tt le r  

p re c is io n  balance ( s e n s i t iv i t y  to  I  x IO "4 gram s). F igu re  IV -4  shows 

th is  c a l ib r a t io n  data as a fu n c t io n  o f  the  p roduct peak w e igh t x 

chromatograph a tte n u a t io n .  The chromatograph response is  q u ite  

l in e a r .  W eight x a t te n u a t io n  values' are determ ined f o r  both components 

in  H2S m ix tu re s  rang ing  from  0 to  100% H2S a t  5% in te r v a ls  us ing the 

data on F igure  IV -4 . For example, f o r  10% H2S, the  w e ig h t x a tte n u a tio n  

f o r  .05 cc H2S and .45 cc N2 are determ ined from  the  g raph . Area 

pe rcen t H2S is  then c o r re la te d  w ith  volume pe rcen t H2S by c a lc u la t in g  . 

th e  v a lu e  o f  H2S w e ig h t x a t te n u a tio n  d iv id e d  by the  to ta l  w e igh t x 

a t te n u a t io n  va lu e . The re s u lt in g  c a l ib r a t io n  curve is  shown in  

F igu re  IV -5 .

(3 ) C a lib ra t io n  o f  Exhaust Gas Rotameter

The ro ta m e te r is  c a l ib ra te d  us ing  a wet te s t  m eter a t  room 

tem pera tu re  (2 3 °C ). C o rre c tio n s  are made to  account f o r  the  increase  

in  h u m id ity  o f  th e  gas. The c a l ib r a t io n  curve is  shown in  F igure  IV -6 ,

to g e th e r  w ith  the  experim enta l data used in  i t s  d e te rm in a tio n .

'

(4 ) Membrane M anufacture

The two main steps in  membrane m anu fac tu ring  are fo rm a tio n  o f  the  

membrane s o lu t io n  and c a s t in g  o f  th e  s o lu t io n  to  form  a f i lm .

The membrane s o lu t io n  is  formed as fo llo w s :

A pyrex beaker is  c a r e fu l ly  cleaned and weighed on a M e tt le r
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Temperature = 23°C 
Atm ospheric Pressure= 

25.3 in .  Hg

O N itrogen  

□ Hydrogen S u lf id e

I_ _ _ _ _ _ _ _ _ _ I I_ _ _ _ _ _ _ _ _ I » I_ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ t I

•05 .1 .15 .2 .25 .3 .35 .4 .45 .5
Sample Volume (CC)

FIGURE IV -4 . CALIBRATION OF GAS CHROMATOGRAPH-SAMPLE 
VOLUME vs . PEAK WEIGHT x ATTENUATION FOR 

NITROGEN AND HYDROGEN SULFIDE
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Hydrogen S u lf id e  Area Percent (%)

FIGURE IV -5 . CALIBRATION CURVE FOR GAS CHROMATOGRAPH - AREA 
PERCENT OF HgS vs . VOLUME PERCENT OF HgS
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Rotameter Reading

FIGURE IV -6 . ROTAMETER CALIBRATION CURVE-FLOW 
RATE (STP) vs . ROTAMETER READING
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balance ( s e n s i t iv i t y  I  x 10 ^ g ) . The membrane m o d if ie r  is  then weighed 

in to  th e  beaker. The a p p ro p ria te  amount o f  v in y l i dene f lu o r id e  is  

then weighed o u t on w e igh ing  paper and added to  the  beaker. The 

com pos ition  o f  the membrane on a s o lv e n t- f re e  bas is  is  determ ined by 

th e  r e la t iv e  amounts o f  v in y l I dene f lu o r id e  and m o d if ie r  added to  the  

beaker. D im ethylform am ide s o lv e n t is  added in  the  r a t io  o f  5 .7  cc 

d im e th y lformamide per gram o f  v in y l idene f lu o r id e .  The m ix tu re  is  

s t i r r e d  w ith  a chemical s p a tu la  f o r  about ten  m inu tes. Then, the 

beaker is  t i g h t l y  covered w ith  p o ly e th y le n e  f i lm  and placed on a h o t­

p la te  s e t f o r  low heat u n t i l  com plete d is s o lu t io n  is  ach ieved . The 

covered m ix tu re  is  then a llow ed to  stand a t  room tem pera ture  fo r  a 

p e rio d  w ith  occas iona l s t i r r i n g  to  in s u re  com plete s o lu t io n  o f  the 

polym er in  the  s o lv e n t.  Th is  p e rio d  is  15 days fo r . th e  membranes whose 

te s t ; 'r e s u l ts  are presented in  th is  th e s is .

The 15 day s o lu t io n  p e rio d  was found to  be necessary based on the  

re s u lts  o f  m ic roscop ic  exam ination  o f  membrane s u r fa c e s . E le c tro n  

photom icrographs showed th a t  by a llo w in g  15 days f o r  polym er to  go 

com p le te ly  in to  s o lu t io n  membranes w ith  un ifo rm  h o le - fre e  su rfaces were 

produced. Membranes formed from  polym er s o lu t io n  w ith  no w a it in g  p e r io d , 

and w ith  a 24 hour w a it in g  p e r io d , had rough su rfaces  and many o f  them 

con ta ined  h o le s .

F o llo w in g  the w a it in g  p e r io d , a membrane f i lm  is  formed from  the 

polym er s o lu t io n  as fo llo w s :



I

A g lass  p la te  is  prepared by p la c in g  la y e rs  o f  masking tape 

a long th e  fo u r  edges o f  th e  p la te  to  form  ra is e d  edges. S ix  la ye rs  o f  

tape form  a r id g e  about 2 m il h ig h . The p la te  is  then c a r e fu l ly  

c leaned . N ext, the  polym er s o lu t io n  is  uncovered and placed in  a chamber 

connected to  the  "house vacuum" system (16 inches Hg vacuum) f o r  30 

m inu tes . Th is  is  done to  de-gas th e  s o lu t io n .  The s o lu t io n  is  then 

poured onto  the g lass p la te  and even ly  d is t r ib u te d  by draw ing a g lass 

rod across the  p la te  w h ile  the  rod re s ts  on th e  masking ta p e . The g lass 

p la te  is  next p laced in  an e le c t r ic  d ry in g  oven a t 120°C f o r  30 m inu tes. 

F o llow in g  removal from  th e  oven, th e  p la te  is  a llow ed to  cool to  room 

tem pera ture  be fo re  the  membrane is  s tr ip p e d  o f f .

(5 ) M ic roscop ic  Exam ination o f  Membrane Surfaces

Each m o d ifie d  v in y l i dene f lu o r id e  membrane is  checked fo r  leaks o r 

o th e r  d e fe c ts  by exam ining seve ra l areas o f  the  membrane under a l i g h t  

m icroscope.

In  o rd e r to  ge t a b e t te r  view o f  th e  membrane su rfa ce ,a n d  as a 

fu r th e r  check f o r  le a k s , sm all sample pieces o f  seve ra l o f  the  membranes 

have been examined us ing  a scanning e le c tro n  m icroscope . Some samples 

taken from  membranes a f te r  they had been te s te d  were a ls o  viewed using

th e  e le c tro n  m icroscope.
\
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(6 ) Test f o r  th e  Presence o f  Residual S o lve n t Using In fra re d  S pectro -
scopy_________________________________________________

A v in y lid e n e  f lu o r id e  membrane produced w ith  no m o d if ie r  was te s te d

us ing  an in f ra re d  spectropho tom eter in  o rd e r to  check f o r  th e  presence

o f  re s id u a l d im e th y lformamide s o lv e n t .  The carbonyl group in  d im e th y l-

formamide produces s tro n g  a b so rp tio n  a t  a wavelength o f  6 .05 m icrons.

T h e re fo re , the  presence o f  d im ethy lfo rm am ide cou ld  be de tec ted  by

checking f o r  a b s o rp tio n  in  th is  re g io n . Samples which had been d r ie d

by h e a tin g  f o r  24 hours in  a vacuum chamber were a lso  te s te d  to  check

f o r  re s id u a l s o lv e n t.  ■ ■

(7 ) P re p a ra tio n  For a Test Run

The fo llo w in g  steps are  taken be fo re  a te s t  run is  s ta r te d :

i )  The membrane is  mounted in  the  te s t  c e l l  w ith  the  membrane 

su rfa ce  th a t  was in  c o n ta c t w ith  the  g lass p la te  fa c in g  the 

h igh  pressure s id e  o f  th e  c e l l ,

i i )  The te s t  c e l l  is  mounted in to  the  cons tan t tem pera ture  

e n c lo su re . Feed,, exhaust, permeate and purge l in e s  are 

connected to  the  c e l l .  The th e rm is te r  tem pera tu re  probe and 

therm ocouple are p laced in  the  therm ocouple w e ll on the 

h igh pressure  s id e  o f  th e  membrane,

i i i )  The co n s ta n t tem pera ture  enc losu re  is  covered and i t s

tem pera ture  is  b rough t to  the  de s ire d  le v e l by s e t t in g  the  

tem pera tu re  c o n t r o l le r .  A tem pera ture  re c o rd e r is  used to
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m o n ito r tem p e ra tu re .

iv )  A i r  is  purged o u t o f  the  permeate s e c tio n  o f  the  apparatus 

by opening the  va lves c o n t r o l l in g  the f lo w  o f  purge gas in to  

the  system . The f re e  end o f  the permeate l in e  is  p laced in  an 

o i l  bath to  p ro v id e  a l iq u id  s e a l.  Purge gas is  fed  through 

the  permeate system a t  a p ressure  o f  about 5 p s ig  u n t i l  

chrom atographic a n a ly s is  o f  the  gas in  the  permeate l in e  

in d ic a te s  th a t  no n itro g e n  is  p re s e n t. The f lo w  o f  purge gas 

is  then stopped by c lo s in g  the  b lo ck  va lve  in  the  purge l in e .

(8 ) Test Run Procedure

A te s t  run in c lu d e s  th e  fo llo w in g  procedures:

i ) The va lve  c o n t r o l l in g  th e  f lo w  o f  feed gas in to  the  system 

is  opened and th e  m ic ro -m e te rin g  va lve  is  a d ju s te d  to  s e t 

th e  f lo w  ra te  o f  feed gas a t th e  de s ire d  va lu e . A f lo w  ra te  

o f  2 l i t e r s  p e r hour is  used in  a l l  runs ,

i i )  O il is  drawn in to  the  permeate l in e  by removing gas. Th is  is  

done by in s e r t in g  a .5 c c 's y r in g e  in to  the  septum in  the 

permeate l in e  and draw ing o u t gas samples. O il is  drawn in to  

the  permeate l in e  to  a p o in t  as c lo s e  as p o s s ib le  to  the 

te s t  cel I .

i i i )  The perm eation ra te  o f  gas is  measured by t im in g  the  movement 

o f  o i l  o u t o f  the  permeate l in e .  These measurements are
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recorded and used to  compute permeate f lu x ,

iv )  Permeate samples are taken by in s e r t in g  a .5 cc s y r in g e  in to  

the  septum in  the  permeate l in e  and drawing o u t gas samples.

The samples a re  ana lyzed us ing  the c a lib ra te d  gas chromatograph 

.' -. .When chromatograph o u tp u t shows th re e  samples to  be the  same 

and the  measured permeate ra te  is  c o n s ta n t, s teady s ta te  is  

assumed.

S te rn  and h is  c o lle a g u e s , us ing  a s im i la r  app a ra tu s , re p o rte d  the  

accuracy o f  perm eation measurements to  be on the  o rd e r o f  ±5% (6 6 ).



EXPERIMENTAL RESULTS AND DISCUSSION

A. MODIFIED VINYLIDENE FLUORIDE FILMS

( I )  M a te r ia ls  Tested

M o d if ie rs  were chosen f o r  te s t in g  p r im a r i ly  on th e  bas is  o f  HgS 

s o lu b i l i t y  as dem onstrated by use in  HgS a b so rp tio n  processes re p o rte d  

in  th e  l i t e r a t u r e .  I t  is  a lso  necessary th a t  a m o d if ie r  be s o lu b le  in  

d im e th y lformamide and have a b o i l in g  p o in t  h igh enough th a t  i t  w i l l  

n o t be d r iv e n  o f f  a t  the  120°C tem pera ture  used in  th e  membrane d ry in g  

s te p .

The fo llo w in g  chem icals were te s te d  as m o d if ie rs  in  v in y l idene 

f lu o r id e  membranes in  o rd e r to  improve th e  membranes' perm eation 

c h a ra c te r is t ic s  w ith  re sp e c t to  hydrogen s u l f id e :

-  S u lfo le n e

-  3-M ethyl s u lfo le n e

r  1 -M e th y l-2 -p y r ro li d i none

-  M orpholine

' -  Monoethanolamine .

-  T rie than o la n im e

-  D iisopropano lam ine

-  Monoisopropanolamine

A l l  membranes are  formed from  d im e thy lfo rm am ide s o lu t io n s  w ith  a 

m o d if ie r  c o n c e n tra tio n  o f  10 w e igh t pe rcen t used f o r  a l l  f i lm s  except 

those c o n ta in in g  s u lfo le n e .  12 w e igh t pe rcen t s u lfo le n e  is  used.

The membrane s o lu t io n  is  a llow ed to  stand f o r  15 days be fo re  

c a s t in g  to  in s u re  com plete s o lu t io n  o f  th e  v in y lid e n e  f lu o r id e  

polym er in  th e  s o lv e n t.  Membrane s o lu t io n s  are de-gassed by being
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p laced in  a vacuum chamber a t  16 inches Hg vacuum fo r  30 .m inu tes.

F ilm s are  formed by pou ring  th e  polym er s o lu t io n  onto, a g lass 

p la te ,  the  edges o f  which have been ra is e d  w ith  la y e rs  o f  masking tape , 

and p la c in g  th e  p la te  in  an oven fo r  30m inutes a t  120°C to  d r iv e  o f f  

th e  s o lv e n t.

(2 ) R esu lts  o f  M ic roscop ic  A n a lys is

A t the s t a r t  o f  th e  p ro je c t  seve ra l membranes were made up by. 

d is s o lv in g  v in y lid e n e  f lu o r id e  and m o d if ie r  in  the  s o lv e n t by hea ting  

the  m ix tu re  on a h o t-p la te  and pou ring  the  s o lu t io n  onto a prepared 

g lass  p la te  as soon as a homogeneous polym er s o lu t io n  was formed.

R esu lts  o f  te s t  runs made us ing  these membranes were ve ry  in c o n s is te n t.  

D i f fe r e n t  membranes w ith  the  same com pos ition  gave v a s t ly  d i f f e r e n t  

te s t  r e s u lts .

To a id  in  e x p la in in g  membrane b e h a v io r, su rfa ce  c h a ra c te r is t ic s  

were checked us ing  a scanning e le c tro n  m icroscope. Exxon Research 

and Development Company (Baytown, Texas) p rov ided  e le c tro n  pho to­

m icrographs o f  a v in y lid e n e  f lu o r id e  f i lm  m o d ifie d  w ith  15% s u lfo le n e . 

F igu re  V - I is  a su rfa ce  view o f  the f i lm  m agn ified  500x and F igure V-2 

is  a cross s e c t io n  view  a t 600x m a g n if ic a t io n . As can be c le a r ly  seen 

in  th e  photom icrographs,the.m em brane su rfa ce  is  ve ry  uneven and con ta ins  

m u lt ip le  h o le s . The cross s e c tio n  view shows' th a t  the  holes extend 

th rough the  membrane. The la rg e s t  ho le  in  F igure  V - I  has a lo n g e s t s id e  

le n g th  o f  about 2 .6  x IO^ cm (2 .6  x IO5 angstrom s). T h is  is  seve ra l



-  46 -

FIGURE V - I . SURFACE VIEW OF MEMBRANE CONTAINING 15%
SULFOLENE AT 500 x MAGNIFICATION -  MEMBRANE 
FORMED IMMEDIATELY FROM POLYMER SOLUTION
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FIGURE V-2. CROSS SECTION OF MEMBRANE CONTAINING 15% 
SULFOLENE AT 600x MAGNIFICATION -  MEMBRANE 

FORMED IMMEDIATELY FROM POLYMER SOLUTION
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o rde rs  o f  magnitude la rg e r  than the  s iz e  o f  HgS and Ng m olecules 

(around 10 angstrom s).

Even w ith  the  obvious ho les p re s e n t, these membranes had n o t.  

leaked , bu t had he ld  gas a t  a p ressure  o f . 500 p s ig . There are two 

p o s s ib le  e xp la n a tio n s  f o r  t h is  f a c t .  F i r s t ,  i t  is  p o s s ib le  th a t  the 

h igh, vacuum p resen t in  th e  e le c tro n  m icroscope causes re s id u a l s o lv e n t 

to  b o i l o f f ,  le a v in g  ho les in  th e  polym er s t ru c tu re .  Thus, holes th a t  

a re  n o t p resen t when th e  f i lm s  are te s te d  can be found when e le c tro n  

photom icrographs are  made. Second, i t  is  p o s s ib le  th a t  under high 

pressure  the  th ic k  areas o f  th e  membrane a re  compressed, c lo s in g  o f f  

th e  ho le s . T h is  phenomenon would leave a nonuniform  s u rfa ce  which 

cou ld  account f o r  the  in c o n s is te n t i n i t i a l  se p a ra tio n  r e s u lts .

I t  was assumed th a t  th e  e le c tro n  m icroscope vacuum d id  no t cause the  

h o le s , because checks o f  samples w ith  a l i g h t  m icroscope showed no 

d if fe re n c e s  between samples which had been te s te d  w ith  th e  e le c tro n  

m icroscope and those which had n o t.

Two main p o s s ib le  causes f o r  ,the ho les  are p re s e n t. F i r s t ,  due to  

th e  ve ry  s low  ra te  a t  w h ich polymers go in to  s o lu t io n ,  i t  is  p o ss ib le  

th a t  polym er s w e llin g  in  the  s o lv e n t had occurred b u t t h a t  s o lu t io n  

w a s n 't com plete when th e  membranes were c a s t.  The upper su rfa ce  shown 

in  F igu re  V-2 appears to  be composed o f  polymer spheres lo o s e ly  jo in e d  

to g e th e r .  T h is  cou ld  be due to  incom p le te  s o lu t io n .  That i s ,  the 

membrane may be formed from  many separa te  masses o f  sw o llen  polymer
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jo in e d  to g e th e r . Second, gases tra p p e d . in  the polymer s o lu t io n  d u rin g  

s t i r r i n g  and pou ring  would be d r iv e n  o f f  in  the  d ry in g  s te p . Perhaps 

t h is  b o i l i n g - o f f  o f  trapped gas re s u lts  in  ho les in  the  membrane.

In  an a tte m p t to  e lim in a te  these e f fe c t s , membrane s o lu tio n s  were 

a llow ed  to  stand fo r  24 hours b e fo re  pou ring  to  a llo w  tim e  fo r  a l l  the 

polym er to  go in to  s o lu t io n ,  and membrane s o lu t io n s  were de-gassed by 

be ing placed in  a vacuum chamber a t  16 inches Hg vacuum f o r  30 m inutes 

ju s t  be fo re  the  membranes were c a s t.  E le c tro n  photom icrographs were 

made on severa l membranes formed in  th is  manner. F igure  V-3 is  a 

su rfa ce  view o f  a membrane m o d ifie d  w ith  12% s u lfo le n e . W hile  th e re  

are  two sm all ho les p re se n t, i t  shou ld  be noted th a t  th e re  are a lso  

se ve ra l depress ions in  the  su rfa ce  which c le a r ly  do n o t extend a l l  the 

way through th e  membrane. The membrane su rfa ce  a lso  appears more 

u n ifo rm  than th a t  shown in  F igu re  V -I .  F igure  V-4 shows a membrane 

m o d ifie d  w ith  10% d i isopropano l amine a t  700x. A ga in , ho les are p re se n t, 

b u t t h e i r  s iz e  is  much s m a lle r  than those found in  F igu re  V - I .  No 

ho les a re  p resen t in  a su rfa ce  photom icrograph o f  a membrane co n ta in in g  

10% 1 -m e th y l-2 -p y r ro lid inb ne  a t  a m a g n if ic a t io n  o f  400x (F ig u re  V -5 ).

A view o f  a membrane c o n ta in in g  5% tr ie th a n o la m in e  m o d if ie r  a t  a 

m a g n if ic a t io n  o f  700x is  shown in  F igu re  V-6. A ga in , no ho les are 

p resen t and the  su rfa ce  appears q u ite  u n ifo rm .

The steps which had been taken to  improve the membrane su rface  

c h a ra c te r is t ic s  appear to  have been p a r t ia l l y  s u c c e s s fu l. By a llo w in g
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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% DIISOPROPANOLAMINE AT 700x MAGNIFICATION -
POLYMER SOLUTION DE-GASSED FOLLOWING A 24 HOUR

SOLUTION PERIOD
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FIGURE V-5. SURFACE VIEW OF MEMBRANE MODIFIED WITH 
10% 1-METHYL-2-PYRR0LIDIN0NE AT 40Ox 
MAGNIFICATION -  POLYMER SOLUTION DE-GASSED 

FOLLOWING A 24 HOUR SOLUTION PERIOD



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  membrane s o lu t io n  to  stand f o r  a pe r iod  o f  t im e ,  a more un ifo rm  

polymer f i l m  is  produced.

Test runs a ttempted w i th  these membranes showed t h a t  they were 

g a s - t ig h t ,  even though holes were p resen t in  some samples. Data from 

these runs and the  runs made on f i lm s  poured im m edia te ly  were d iscarded 

because o f  the  p o s s i b i l i t y  t h a t  the  presence o f  holes had a ffec ted - 

experim enta l r e s u l t s .

In o rd e r  to  f u r t h e r  in su re  complete s o lu t io n  o f  the  polymer, 

membrane m ix tu res  were a llowed to  stand f o r  15 days w i th  occasiona l 

s t i r r i n g  be fo re  membranes were c a s t .  Membrane s o lu t io n s  were a lso 

de-gassed in  a vacuum chamber a t  16 inches Hg f o r  30 minutes be fo re  

membranes were c a s t .

Al I data on m od if ie d  v i n y l idene f l u o r id e  membranes recorded in  

t h i s  s tudy  are f o r  t e s t  runs made on membranes prepared us ing  a 15 day 

w a i t in g  p e r io d .

The membranes were checked, us ing  a l i g h t  m icroscope, f o r  holes 

and o th e r  su r fa ce  d i s c o n t in u i t ie s  be fo re  t e s t in g .  Poor r e s o lu t io n  w i th  

the  l i g h t  microscope l im i t e d  the  usefu lness o f  t h i s  procedure.

E le c tro n  photomicrographs o f  seve ra l o f  the f i lm s  f o r  which data 

are recorded in  t h is  s tudy are shown in  Figures V-7 to  V - l l .

No holes are p re se n t,  and a ve ry  un ifo rm  su r face  is  seen in  

F igure V-7 which shows a f i lm  c o n ta in in g  10% monoethanol amine a t  400x. 

S im i la r  su r fa ce  c h a r a c te r is t i c s  are p resen t in  F igure  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
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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 - I l . 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 f i l m  c o n ta in in g  10% m orpholine a t  400x. The small depression shown 

in  F igure V-8 does no t appear to  extend through the membrane. The 

f i l m  c o n ta in in g  10% tr ie th a n o la m in e  shown in  F igure V-9 e x h ib i t s  a ve ry  

un ifo rm  su r fa ce  w i th  a f i n e  g ra in  s t r u c tu r e .  No holes o r  la rg e  su r face  

d i s c o n t in u i t ie s  are p re se n t.  F igure V-IO shows a f i lm  c o n ta in in g  10% 

monoisopropanol amine a t  a m a g n i f ic a t io n  o f  400x. The su r fa ce  is  ve ry  ' 

rough and con ta ins  severa l d is c o n t in u i t ie s  which may. extend through the 

membrane th ic k n e s s .  A rough su r face  is  a lso  p resen t in  F igure  V - I l  

which shows f i l m  c o n ta in in g  10%.monoisopropanol amine a t  IOOOx. This 

h igh  m a g n i f ic a t io n  photomicrograph c le a r l y  shows th a t  no holes are 

p re se n t,  however.

(3 )  The Data

In o rd e r  to  determ ine the  e f f e c t  o f  m o d i f ie r  a d d i t io n  on membrane 

permeation ra te  and s e l e c t i v i t y ,  permeate f l u x  values and sepa ra t ion  

fa c to r s  were determined ove r  a tem pera ture  range from 23°C to  125°C. 

Each s e r ie s  o f  t e s t  runs was conducted in  o rde r  o f  in c re a s in g  tempera­

tu re  us ing the same f i lm .s a m p le .  Al I runs were conducted using a 5% 

m ix tu re  o f  HgS in  Ng a t  a pressure o f  500 psig,. A l l  the  membranes 

te s te d  were 2 m il t h ic k .  The data are presented in  Table V - I  and shown 

g r a p h ic a l ly  in  Figures V-12 to  V-15.



Pressure = 500 ps ig  

F ilm  Thickness = 2 m il

TABLE V

M o d i f ie r_____________

None (be fo re  d ry in g )

None ( a f t e r  d ry in g )

- I .  SUMMARY OF TEST RESULTS FOR MODIFIED VINYLIDENE
FLUORIDE FILMS

Feed = 5% HgS in  Ng Flow Rate = 2 l i t e r s / h o u r

Temperature
( 0C) Flux

[ M3(STP)) Separation
Factor

Percent HgS 
in  PermeateI M2Hr j

23 1.3 x IO "5 .3 1 . 6

50 1.9 x IQ "* 3.2 14.6

75 4.8 x IO "4 3.7 16.2

1 0 0 2 . 1 x IO "3 6 . 1 24.4

125 5.8 x IO "3 6.6 25.7

23 NO PERMEATE

50 1 . 0 X IO"4 3.4 15.3

50 1 . 1 X I-—
1

O
I -F
*

4.4 18.7

75 4.2 x IO"4 5.4 22.3

1 0 0 2 . 1 x IO "3 6 . 1 24.4

1 0 0 2 . 2 x IO "3 6 . 8 26.5

125 8.2

roIO
 

r—
I

X

5.8 23.3

125 6 . 6

C
OOr—

l

X

6 . 2 24.5

23 5.3 x IO"2 .9 4.7

23 4.9 x IO "2 .9 4.6

12% S u lfo le ne



TABLE V - I  (co n tin u e d )

M o d i f ie r______________

12% S u lfo le n e  ( c o n t . )

Temperature
( 0C)

50

50

50

75

75

100
100
125

125

125

M3 (STP) \ 

F lux\ M3Hr /

4 .0  x IO '2

4 .3  x IO "2

4 .5  x IO "2

3.3  x IO '2

2.6  x IO "2

2 .3  x IO '2 

1.9 x IO '2

2.7  x IO "2

2 .8  x IO "2

2.9  x I O '2

10% 3-Methyl S u lfo le n e 23 3.7 x 10 

50 4 .3  x 10 

75 1.6 x 10 

100 4 .7  x 10 

125 1.0 x 10

23 5.2 x IO"4 

50 8 .2  x IO "4 

75 1.0 x IO "3 

100 2 .3  x IO "3

10% 1 -M e th y l -2 -P y r ro l i d i none

Separation Percent HgS 
Factor in  Permeate

1.1 5.6

1.0 5.2

1.0 5.2

1.2 5.9

1.4 7.1

2.2 10.4

2.3 11.0

2.8 12.8

3.7 16.3

3.7 16.4

5.6 22.8

9.4 33.1

9.4 33.0

6.8 26.3

5.5 22.4

.1 .5

.1 .6

.5 2.5

5.7 23.1



Temperature

TABLE

M o d if ie r  ____________________( 0C)

10% 1 -M e th y l -2 -P y r ro l i d i none 100
(con t inued)

125

10% Morpholine 23

50

75

100

125

10% Monoethanolamine 23

50 

75 

100 

125

23 

23 

50 

75 

100 
125

V -I (co n tin u e d )

/ m3 (STP)\ Separation Percent HpS
Flux M3Hr I Factor in  Permeate

2.3  x I O '3 6.0 24.0

8 .3  x IO "3 5.9 23.7

7.1 x IO "3 5.5 22.6

1.7 x IO '5 3.0 13.6

2.3  x I O '4 7.2 27.5

9.4  x IO "4 7.0 27.0

3.0 x IO "3 8.0 29.7

9.1 x IO "3 6.6 25.9

2.5 x IO "3 .7 3.4

5.5 x IO "3 1.1 5.4

1.0 x IO '2 1.5 7.3

1.1 x IO '2 2.3 10.9

1.7 x IO "2 2.8 13.0

2.1 x IO "3 .1 .4

2.6 x I O '3 .1 .3

2.5 x 10"3 > . l .1

1.6 x IO "3 1.3 6.2

3.3  x - 1 0 '3 5.1 21.0

8.5 x 1 0 '3 7.2 27.4

10% T r ie thano lam ine



TABLE V - I  (co n tin u e d )

M o d i f ie r

10% Monoisopropanolamine

10% Di isopropano l amine

Temperature
( 0C)

/ m3 ( s tp ) \

F lux I M2Hr I
Separation

Factor
Percent HgS 
in  Permeate

23 2.6 x I O '5 3.9 ' 17.0

50 2 .8  x IO '4 6.4 25.3

75 1.4 x IO "3 8 .9 31.9

100 3.0 x I O '3 7.1 27.6

125 6.3  x IO "3 6.7 26.2

23 7.1 x IO "5 3.3 14.8

50 4 .3  x IO '4 4 .2 18.0

50 4.0  x IO '4 4.2 18.1

75 9.4 x IO '4 7.4 28.0

100 2.1 x IO "3 7.6 28.5

125 8.7  x I O '3 5.6 22.7
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A  12% S u lfo le n e  
A  10% 3-Methyl S u lfo le n e  
□  10% 1 -M e th y l -2 -P y r ro l id inone  
■  10% Morpholine 
X  No M o d i f ie r

25 50 75 100 125

Temperature ( 0C)

FIGURE V-12 . SEPARATION FACTOR vs . TEMPERATURE FOR SOME MODIFIED
VINYLIDENE FLUORIDE FILMS
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O 10% Monoethanolamine 
© 10% T r ie thono lam ine

V  10% Di isopropano l amine

V  10% Monoisopropanolamine 
X  No M o d i f ie r

Temperature ( 0C)

FIGURE V -13. SEPARATION FACTOR vs. TEMPERATURE FOR ALKANOLAMINE
MODIFIERS IN VINYLIDENE FLUORIDE
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12% S u lfo le ne
10% 3-Methyl S u lfo le n e
10% 1 -M e th y l -2 -P y r ro l i d i none
10% Morpholine
No Modif i e r

Temperature ( 0C)

FIGURE V -14. FLUX vs . TEMPERATURE FOR SOME MODIFIED VINYLIDENE
FLUORIDE FILMS
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O 10% Monoethanolamine 
•  10% T r ie thano lam ine  
v  10% Di isopropaneI amine 
V  10% Monoisopropanolamine

X No M o d i f ie r

25 50 75 100 125

Temperature ( 0C)

FIGURE V-15. FLUX vs. TEMPERATURE FOR ALKANOLAMINE MODIFIERS IN
VINYLIDENE FLUORIDE FILMS
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(4 ) D iscuss ion  -  Films With No M o d i f ie r  Added

A t room tem pera ture  unm odif ied v i n y l i dene f lu o r id e  f i l m  has a 

se p a ra t io n  f a c to r  less  than one which in d ic a te s  t h a t  N2- is  concentra ted  

in  the permeate. However,’ above room ..temperature unm od if ied  f i lm  

produces a permeate c o n ta in in g  more H2S than is  p resen t in  the  feed 

(see Table V - l ) .  ................

These re s u l t s  suggest t h a t  d im e th y l formamide, the  s o lv e n t  used in  

membrane m anufacture , i s  i t s e l f  a m o d i f ie r  t h a t  g ives th e  membrane 

some s e l e c t i v i t y  f o r  H2S.

Gas s o l u b i l i t i e s  in  d imethylformamide have been repo r te d  (67) as 

5 .6  g H2SZlOO g dimethylform am ide a t  25°C compared to  .007 g N2ZlOO g 

dimethylform am ide a t  20°C. Thus, based on s o l u b i l i t y ,  d imethylformamide 

is  expected to  a c t  as a m o d i f ie r .

To check f o r  the  presence o f  re s id u a l dimet h y l formamide, membrane 

samples were te s te d  us ing an in f r a r e d  spectropho tom eter. The carbonyl 

group in  d imethylformamide absorbs s t ro n g ly  a t  a wavelength o f  6.0 

m ic ro n s . The re fo re ,  ab so rp t io n  a t  t h i s  wavelength in d ic a te s  the presence 

o f  d imethylform am ide s ince  the  v i n y l i d ene f lu o r id e  polymer does not 

co n ta in  any carbonyl groups. The r e s u l t s  o f  t h is  t e s t  are shown in  

F igure  V-16. The s l i g h t  amount o f  a b so rp t ion  a t  6 .0  m icrons in d ic a te s  

t h a t  a small amount o f  d imethylformamide is  presen t in  the  membrane 

sample.

A d ry in g  s tep  has been t r i e d  in  o rd e r  to  in su re  removal o f
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re s id u a l s o lv e n t .  A membrane sample was d r ie d  f o r  24 hours a t  a 

tem pera ture  o f  IOO0C in  a vacuum'- chamber a t  16 inches Hg vacuum. 

Spectrophotometer te s ts  on a sample o f  the d r ie d  m a te r ia l  show no 

a b s o rp t io n  o f  in f r a r e d  r a d ia t io n  w i th  a 6 .0  micron wavelength . This 

in d ic a te s  th a t  the d im e th y l formamide co n c e n tra t io n  has been reduced 

to  a le v e l  below t h a t  which cou ld  be de tec ted  by the  in f r a r e d  s p e c tro ­

photometer (see F igure  V -16).

The r e s u l t s  o f  te s ts  made on unm odif ied v i n y l idene f lu o r id e  f i lm  

a f t e r  d ry in g  are shown in  F igures V-17 and V-18.

The d r ie d  f i lm  e x h ib i t s  lower f l u x  values a t  low temperatures than 

th e  undried  f i lm .  A t  room tempera ture  no gas permeated through the 

d r ie d  f i lm  in  a run la s t i n g  severa l h o u rs . However a t  125°C f l u x  values 

s l i g h t l y  h ig h e r  than those found in  undried  f i lm  are found f o r  the 

d r ie d  f i lm .
!

As can be seen in  F igure  V-17, th e re  appears to  be an inc rease  in  

s e p a ra t io n  in  the  f i l m  a f t e r  d ry in g .  P a rt  o f  the  apparent increase 

may be s im ple  data s c a t t e r . . I t  i s  a lso  poss ib le  t h a t  the  vacuum 

d ry in g  s tep  causes changes in  the  polymer s t r u c tu r e  o f  the  membrane.

The d ry in g  s tep  a p p a re n t ly  does no t remove a l l  the  d imethylformamide 

s o lv e n t  p resen t in  the  membrane. However, the decrease in  f l u x  a t  low , 

tem pera ture  and the r e s u l t s  o f  spectropho tom eter te s ts  in d ic a te  th a t  

some o f  the  s o lv e n t  is  removed by d ry in g .
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FIGURE V-17. SEPARATION FACTOR vs. TEMPERATURE FOR UNMODIFIED
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M od if ied  membranes were no t t re a te d  using a vacuum d ry ing  s tep  

because o f  th e  l i k e l ih o o d  th a t  the m o d i f ie r  would be removed along 

w i th  re s id u a l d im e th y l formamide s o lv e n t .

I t  must be recognized t h a t  the  presence o f  re s id u a l d im e th y l-  

formamide has an im p o r ta n t  e f f e c t  on membrane s e l e c t i v i t y .  The te s ts  

made on undried  v i n y l idene f l u o r id e  membranes w i th o u t  m o d i f ie r  a d d i t io n  

are  used as th e .b a s e - l in e  f o r  de te rm in ing  m o d i f ie r  e f fe c t iv e n e s s . 

Comparison o f  m od if ie d  f i lm s  w i th  the unm odif ied f i lm  a l low s  the e f f e c t  

o f  re s id u a l s o lv e n t  to  be cance lled  o u t .

(5) D iscuss ion  -  Films With M o d i f ie r  Added

1. S u lfo le n e  -  A la rg e  number o f  te s ts  were made us ing t h is  

m o d i f ie r  in  o rde r  to  check o u t  the  r e p r o d u c ib i l i t y  o f  the  t e s t  equipment 

used in  t h is  research . As can be seen in  Table V - I  th e re  is  some data 

s c a t te r ,  bu t on the  whole r e p r o d u c b i l i t y  i s  q u i te  good. The s u l fo le n e -  

m od if ied  membrane g ives the h ig h e s t  f l u x  values o f  any o f  the  m od if ied  

v in y l id e n e  f l u o r id e  f i lm s  te s te d ,  bu t s e pa ra t ion  is  much le s s  than t h a t  

ob ta ined  w i th  unmodified f i l m .  A t  room tem pera ture  the permeate 

con ta ins  less  HgS than the feed . The bes t sepa ra t ion  f a c t o r  f o r  t h is  

f i l m  is  3.7 a t  125°C compared to  6 .6  f o r  the  unmodified f i l m  a t  125°C.

2. 3 -Methyl S u lfo le n e  -  Films w i th  t h is  m o d i f ie r  e x h ib i t  the 

bes t o v e r a l l  performance o f  any m o d if ie d  f i lm  te s te d .  F lux increases 

c o n t in u a l ly  w i th  tem pera ture  and, a t  a l l  tem pera tu res , f l u x  values are 

a t  le a s t  tw ic e  as h igh  as those ob ta ined  f o r  unm odif ied v in y l id e n e
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f l u o r i d e .  3-methyl s u l fo le n e  membranes are very  s e le c t iv e  f o r  HgS.

A t room tem pera tu re , w h i le  most f i lm s  g ive  less HgS in  the permeate 

than the  feed , membranes w i th  10% 3-methyl s u l fo le n e  e x h ib i t  a sepa ra t ion  

f a c to r  o f  5.6 (22.8% HgS in  the  permeate). This is  the  bes t room 

tem pera ture  se p a ra t io n  observed f o r  v i n y l idene f l u o r id e  membranes. At 

50°C and 75°C f i lm s  m od if ie d  w i th  3 -m e th y l .su lfo le n e  produce the  best 

sepa ra t ion  observed w i th  v in y l id e n e  f l u o r id e  membranes. Permeate 

c o n ta in in g  33%.HgS is  found. A t IOO0C and 125°C sepa ra t ion  decreases 

s l i g h t l y .

3. 1 -M e thy l- 2 - p y r r o l i d i none -  A t low temperatures t h i s  m a te r ia l  

e x h ib i t s  f l u x  values severa l times as h igh as those observed f o r  

unm odif ied f i l m ,  bu t s e pa ra t ion  is  very  poor. A t 25°C, 50°C, and 75°C, 

the  permeate con ta ins  much less  HgS than does the  feed . A t IOO0C 

s e p a ra t io n  increases markedly bu t remains less  than t h a t  observed

f o r  unmodif ied f i l m .  A t  both IOO0C and 125°C f l u x  is  s l i g h t l y  h ighe r  

than t h a t  observed f o r  unm odif ied f i l m ,  bu t sepa ra t ion  is  s t i l l  less 

than t h a t  ob ta ined  w i th  unm odif ied f i lm .

4 . Morpholine -  Tests w i th  t h i s  m o d i f ie r  g ive  v e ry  p o s i t i v e  

r e s u l t s .  Flux values inc rease  c o n t in u a l ly  w i th  tem pera ture  and are 

s l i g h t l y  h ig h e r  than the  values found f o r  unmodified v in y l id e n e  

f l u o r i d e .  Separa tion  is  much b e t t e r  w i th  t h is  m o d i f ie r  than w i th  

unm odif ied f i l m ,  p a r t i c u l a r l y  a t  temperatures below 1250C. At 50°C 

m o rp ho l ine -m od if ied  f i l m  has a s e p a ra t io n  fa c to r  o f  7 .2  (27.5% HgS in
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the permeate) compared to  3.2 f o r  unm odif ied f i lm .  The maximum 

s e p a ra t io n  ob ta ined  w i th  t h is  m o d i f ie r  occurs a t  IOO0C (sepa ra t ion  

fa c to r= 8 .0 ) .

5. Honoethanolamine -  Desp ite  the  widespread use o f  monoethanol-  

amine as a l i q u i d  absorbent f o r  HgS removal i t  does no t work w e ll  as 

a membrane m o d i f ie r .  Membranes made w i th  t h is  m o d i f ie r  have a brown 

c o lo r  in d ic a t in g  p o s s ib le  decomposit ion o f  the  m o d i f ie r .  F lux values 

ob ta ined  using monoethanol amine as a m od ify ing  agent are much h ighe r  

than those obta ined  w i th  unmodif ied f i lm .  For example, a t  room 

tem pera ture  the  m od if ie d  f i lm  has a f l u x  two o rders  o f  magnitude 

g re a te r  than unm odif ied f i l m  (2 .5  x IO- ^ M^(STP)/M^Hr compared to

1.3 x 10 M0(STP)ZM^Hr). However, a t  a l l  temperatures above room 

tem pera tu re ,.separa t ion  is  much le ss  than t h a t  ob ta ined  w i th  no 

m o d i f ie r .  W hile sepa ra t ion  does inc rease  w i th  tem pera tu re , i t  increases 

much le ss  than se p a ra t io n  in  the unm odif ied f i l m .  A t 125°C permeate 

from  the  membrane m od if ie d  w i th  monoethanol amine c on ta ins  13% HgS 

compared to  25.7% HgS in  the  permeate from unm odif ied f i l m .  In summary, 

the  presence o f  monoethanol amine m o d i f ie r  increases f l u x  bu t g r e a t ly  

decreases s e p a ra t io n .  •

6. T r ie than o la m ine  -  Membranes c o n ta in in g  t h i s  m a te r ia l  a lso  have 

a brown c o lo r  in d ic a t in g  p o s s ib le  decomposition o f  the  m o d i f ie r .  At 

low er temperatures (23°C and 500C.) t h i s  m o d i f ie r  g ives r e s u l t s  s im i la r  

to  monoethanol amine -  h igh f l u x  bu t ve ry  low se p a ra t io n .  However, a t
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h ighe r  temperatures f l u x  values are j u s t  above the values found f o r  

unm odif ied f i lm s  and se p a ra t io n  is  c lose  to  t h a t  ob ta ined  w i th  no 

m o d i f ie r .  A t 125°C the  t r ie th a n o la m in e -m o d i f ie d  membrane has a b e t te r  

s e p a ra t io n  f a c to r  than t h a t  found f o r  unm odif ied f i lm .  Perhaps a t  

h ig h e r  temperatures t h i s  increase in  s e p a ra t io n  over t h a t  ob ta ined 

w i th  unm odif ied f i l m  would co n t in u e .

7. D iisopropano lam ine -  Films w i th  t h i s  m o d i f ie r  g ive  very 

p o s i t i v e  r e s u l t s .  F lux values inc rease  w i th  tempera ture and remain 

above the  values determined f o r  unm odif ied f i lm .  A t temperatures 

below 125°C s e pa ra t ion  is  much b e t te r  than t h a t  achieved w i th  no 

•m o d i f ie r .  The maximum s e pa ra t ion  f a c to r  achieved w i th  t h is  m o d i f ie r  

i s  7 .5  (28.5% HgS in  the permeate) a t  IOO0C. Separa tion  dec l in es  a t  

125°C to  a va lue o f  5 .6  (22.7% HgS in  the  permeate); a va lue less  than 

t h a t  ob ta ined  w i th  no m o d i f ie r .  Di isopropano l am ine-m odified  membranes 

appear to  be bes t s u i te d  f o r  low tem pera ture  a p p l i c a t io n .  A brown 

c o lo r  is  observed in  the  membrane m a te r ia l  a f t e r  t e s t i n g , in d ic a t in g  

p o s s ib le  thermal decomposit ion .

8. Monoisopropanolamine -  Membranes w i th  monoisopropanol amine 

m o d i f ie r  give very  good s e p a ra t io n ,  p a r t i c u l a r l y  a t  temperatures up 

to  75°C. A t  room tem pera tu re , a se p a ra t io n  f a c to r  o f  3.9 is  observed 

(17% HgS in  the  permeate). The bes t sepa ra t ion  f a c to r  found f o r  t h is  

membrane is  8 .9  (31.9% HgS in  the  permeate) a t  75°C. Above 75°C 

s e pa ra t ion  decreases. A t a l l  temperatures the f l u x  observed f o r  t h i s
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m a te r ia l  is  s l i g h t l y  above t h a t  observed f o r  unm odif ied membranes.

Thus, a t  a l l  temperatures, membranes w i th  monoisopropanol amine m o d i f ie r  

have h ig h e r  f l u x  values and b e t t e r  se p a ra t io n  than unm od if ied  membranes.

A comparison o f  the m od if ie d  f i lm s  te s te d  shows t h a t  3-methyl 

s u l fo le n e ,  m orpho line , monoisopropanol amine, and d i isopropano l amine 

g ive  the bes t sepa ra t ion  o f  HgS from Ng.

Good se p a ra t io n  values cou ld  be the  r e s u l t  o f  severa l fa c to r s .

The f i r s t  is  the s o l u b i l i t y  o f  HgS in  the m o d i f ie r  which r e s u l t s  in  

increased s o l u b i l i t y  o f  the  gas in  the m od if ie d  f i lm .  Based s t r i c t l y  . 

on s o l u b i l i t y  c h a r a c t e r i s t i c s ,  a l l  o f  the  m o d if ie rs  t r i e d  should have 

g iven good r e s u l t s .

The increased d i f f u s i v i t y  o f  HgS in  the m od if ie d  f i lm  may be 

p a r t i a l l y  re spon s ib le  f o r  t h is  increased sepa ra t ion  o f  HgS by some o f  

the  m o d if ie d  f i lm s .

A t h i r d  im p o r ta n t  f a c to r  t h a t  may have re s u l te d  in  increased 

f l u x  and s e pa ra t ion  w i th  some o f  the  m od if ie d  f i lm s  is  decreased 

c r y s t a l ! i n i t y .  Unmodified v i n y l idene f l u o r id e  is  repo r te d  to  be about 

68% c r y s t a l l i n e  (6 8 ) .  Thus, in  the  unm odif ied f i lm  o n ly  about 32% 

o f  th e  f i l m  is  use fu l f o r  gas perm eation . By reducing the  c r y s t a l l i n i t y  

o f  the  v in y l id e n e  f l u o r id e  some m o d if ie rs  would g ive  h ig h e r  permeation 

ra te s .  Separa tion  cou ld  a lso  be e f fe c te d  due to  in c re a s in g  

polymer cha in  m o b i l i t y  w h ic h  ̂ would reduce the t o r t u o s i t y  o f  the path
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fo l lo w e d  by gas molecules in  moving through the po lym er.

The g lass t r a n s i t i o n  tem pera ture  o f  v i n y l i dene f l u o r id e  has been

found to  be -40°C (6 9 ) .  Since a l l  t e s t  runs were conducted a t  a

tempera ture  w e l l  above t h i s ,  the  e f f e c t  o f  m o d if ie rs  lo w e r in g  the g lass

t r a n s i t i o n  tem pera ture  is  n o t  im p o r ta n t  in  t h i s  s tudy .  For te s ts

made near the  g lass t r a n s i t i o n  temperature, t h i s  f a c to r  could be o f  
* • . .

m ajor im portance, however.

(6) E f fe c t  o f  Temperature

Results  f o r  a l l  m o d if ie d  v i n y l idene f lu o r id e  f i lm s  show a s tron g  

t re n d  toward in c re a s in g  f l u x  w i th  in c re a s in g  tem pera tu re . The on ly  

f i l m  t h a t  d id  n o t  f o l lo w  t h i s  t re n d  w a s . th a t  c o n ta in in g  12% s u l fo le n e  

m o d i f ie r .

A p p a re n t ly ,  as tempera ture increases the inc rease  in  d i f f u s i v i t y  

and gas s o l u b i l i t y  in  the  polymer tend to  outweigh the  decrease in  gas 

s o l u b i l i t y  in  the  m o d i f ie r .

F igures V -14 and V-1& which are p lo ts  o f  f l u x  vs . tem pera tu re , 

show the t re n d  toward in c re a s in g  f l u x  w i th  in c re a s in g  tem pera tu re .

A t h ig h e r  tempera tures (75°C and above) many o f  the  p lo ts  o f  f l u x  vs. 

tempera ture w i th  f l u x  p lo t t e d  on a lo g a r i th m ic  sca le  are l i n e a r ,  

in d ic a t in g  th a t  f l u x  v a r ie s  n e a r ly  e x p o n e n t ia l ly  w i th  tem pera ture .

There is  a lso  a t re n d  toward in c re a s in g 's e p a ra t io n  w i th  in c re a s in g  

tem pera tu re . This tren d  is  p a r t i c u l a r l y  w e l l  i l l u s t r a t e d  by the re s u l t s  

ob ta ined  us ing  s u l fo le n e  and monoethanol amine as m o d i f ie rs  (see
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Figures V -12 and V -13).

Separa tion  values f o r  seve ra l o f  the f i lm s  go through a maximum. 

Th is  is  t ru e  f o r  monoisopropanol amine,, d i isop ropanq lam ine , 3-methyl 

s u l fo le n e  and m orpho line . I t  is  in te r e s t in g  to  note t h a t  these are 

a lso  the fo u r  m o d if ie rs  which g ive  the bes t o v e ra l l  se p a ra t io n  r e s u l t s .

B. COMMERCIALLY AVAILABLE POLYMER FILMS

( I )  M a te r ia ls  Tested

Tests to  determ ine permeate f l u x  and s e l e c t i v i t y  f o r  hydrogen 

s u l f i d e  were conducted us ing  the  fo l lo w in g  f i lm s :

-  Dimethyl S i l ic o n e  -  manufactured by General E le c t r i c  Corpo ra tion

-  S i l i c o n e  Po lycarbonate Copolymer -  membrane MEM-213 manufactured

by General E le c t r i c  C o rpo ra tion

-  Poly V iny l F lu o r id e  -  DuPont "T e d la r"  f i lm  number 100AG30UT

-  Polyamide -  "Capran" 77C f i lm  manufactured by A l l i e d  Chemical

C o rpo ra t ion

-  Heat S ta b i l i z e d  Polyamide -  "Capran" 80 f i l m  manufactured by

A l l i e d  Chemical C o rpo ra tion

-  P o lysu lfo ne  -  Compound P-1700 f i l m  manufactured by Union

Carbide C o rpo ra t ion

-  P o ly e th e rs u l fo n e  -  manufactured by I . C . I .  Un itdd S ta te s ,

Inco rpo ra ted

\
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(2) The Data

Test runs were made to  determ ine permeate f l u x  values and 

se p a ra t io n  fa c to rs  a t  temperatures rang ing  from 23°C (room tem pera ture) ■ 

to  125°C. A l l  runs were conducted w i th  an upstream gas pressure o f  

500 ps ig  us ing a 5% m ix tu re  o f  hydrogen s u l f i d e  in  n i t r o g e n .  The 

data are presented in  Table V-2 and shown g r a p h ic a l ly  in  F igures V-19 

and V-20.

(3) D iscuss ion  * 3

I .  Dimethyl S i l ic o n e  -  Th is  m a te r ia l  g ives the h ig h e s t  room 

tem pera ture  f l u x  va lue o f  any o f  the m a te r ia ls  t e s te d . . F lux values

3 o rders  o f  magnitude g re a te r  than those found f o r  a l l  o th e r  commercial 

f i lm s  except s i l i c o n e  po lycarbona te  copolymer are observed. A t room 

tem pera ture  the permeate.gas con ta ins  fo u r  t imes as much HgS as the 

feed (20% HgS in  the permeate compared to  5% HgS in  the  f e e d ) . Due to  

the very  h igh  permeate f l u x ,  c o n c e n tra t io n  p o la r iz a t io n  may h inde r  the 

se p a ra t io n  performance o f  t h is  m a te r ia l .  That i s ,  because o f  the ra p id  

ra te  a t  which HgS is  perm eating , the  co n c e n tra t io n  o f  HgS a t  the membrane 

su r fa ce  may be s i g n i f i c a n t l y  less  than the  bu lk  feed co n c e n tra t io n  

o f  5% HgS. Even when gas is  fed  a t  the  h ig h e s t  ra te  p o s s ib le  w i th  

the  a v a i la b le  equipment ( -  5 l i t e r / h o u r )  the e x i t  gas from the high 

pressure s id e  o f  the membrane con ta ins  o n ly  about 3.1% HgS.

In  te s ts  a t  room tem pera ture  th e  membrane m a te r ia l  la s t s  on ly



Pressure = 500 psig

Polymer F ilm 

Dimethyl S i l ic o n e

S i l ic o n e  Po lycarbonate

Poly V iny l F lu o r id e

TABLE V-2. SUMMARY OF TEST RESULTS FOR COMMERCIALLY
AVAILABLE POLYMER FILMS

Feed = 5% HgS in  Ng Flow Rate = 2 l i t e r s / h o u r

T h ick ­
ness

Temperature
( 0C)

/M3 (STP)) 

F lux I M3Hr I
Separation

Facto r
Percent H 
in  Permea1

I  m il 23 7.3 x IO "1 4 .7 20.0
50 - Membrane

Ruptures

I  m il 23 2.8  x IO "1 8.9 32.0

23 2.8 x I O '1 13.1 40.9

50 3.5 x IO "1 7.0 27.0

75 4.1 x IO "1 7.6 28.5

100 - Membrane
Ruptures

I  m il 23 No Permeate

23 No Permeate

50 2.2 x IO '4 6.2 24.6

75 1.3 x I O '3 9.4 33.2

100 4.7  x IO "3 12.9 40.5

I  m il 23 6.9 x IO '4 .1 .7

50 1.3 x IO "3 .1 .5

Polyamide



TABLE V-2 (C ontinued)

Polymer F ilm
T h ic k ­

ness
Temperature

(0C)

/M3(STP)) Separation
Facto r

Percent H 
in  PermeaF lu x I M3Hr

Heat S ta b i l i z e d I  m il 23 1.4 x IO "3 .2 1.0
Polyamide 23 7.1 x IO '4 .1 .3

50 1.1 x IO '3 .1 .4

75 3.2 x IO"4 .7 3.4

100 8.0  x IO "4 3.2 14.3

100 5.1 x IO "4 5.1 21.2

125 2.1 x IO '3 12.9 40.4

150 4.8  x IO '3 13.5 41.6

P o lysu lfone 2 m il 23 1.4 x IO '4 12.7 40.0

50 4.0  x IO "4 9.1 32.4

50
-4

4.2  x 10 4 7.4 28.0

75 8.3  x IO"4 9.7 33.9

100 2.1 x IO '3 6 .8 26.5

125 - Membrane
Ruptures

P o le th e rsu l fo n e 2 m il 23 1.5 x IO '4 .1 .7

50 2.5 x IO '4 4 .2 18.0
75 6 .8  x IO"4 9.3 32.8

100 1.2 x IO"3 8.3 30.3
125 1.1 x IO "3 7.0 26.8
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Dimethyl S i l ic o n e
S i l ic o n e  Polycarbonate Copolymer
Poly V iny l F lu o r id e
Polyamide
Heat S ta b l iz e d  Polyamide 
Polysul tone 
P o lye the rsu l fone

Temperature ( 0C)

FIGURE V-19. SEPARATION FACTOR vs . TEMPERATURE FOR COMMERCIALLY
AVAILABLE FILMS
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▲ Dimethyl S i l ic o n e  

&  S i l ic o n e  Polycarbonate 

v  Poly V iny l F lu o r id e

■vx Scale Change

__  © Polyamide
Z  O Heat S ta b i l i z e d  Polyamide

I  D P o lysu lfone

B P o ly e th e rs u l fone

Scale Change xs.

Temperature ( 0C)

FIGURE V-20 . FLUX vs . TEMPERATURE FOR COMMERCIALLY AVAILABLE
FILMS
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about ten m inutes be fo re  holes develop in  the  membrane. A t 50°C 

the  membrane rup tu re s  du r in g  s ta r t u p ,  be fo re  gas pressure  on the  high 

p ressure  s ide  o f  the membrane reaches 500 p s ig .  P o ss ib ly  the te s t  

equipment does no t p rov ide  enough suppo rt  f o r  t h i s  ve ry  f l e x i b l e  f i lm ,  

a l though  no problems were encountered w i th  any o f  the  o th e r  f i lm s  

te s te d .

I t  appears t h a t  w h i le  t h i s  m a te r ia l  g ives good f l u x  and sepa ra t ion  

va lues i t s  usefu lness is  r e s t r i c t e d  to  low -tem pe ra tu re , low -pressure  

a p p l ic a t io n s .

. 2. S i l ic o n e  Polycarbonate Copolymer -  This f i lm  e x h ib i t s  very  

h igh  f l u x  va lues ,  and very  good s e p a ra t io n .  A t room tem pera tu re , a 

permeate c o n ta in in g  32% HgS is  ob ta ined  from feed gas c o n ta in in g  5% HgS. 

F lux values are n e a r ly  3 o rders  o f  magnitude above those observed f o r  

a l l  o th e r  f i lm s  excep t d im ethy l s i l i c o n e .

Test runs a t  IOO0C are unsuccessfu l because the membrane ru p tu re s .  

Thus, t h i s  f i l m  is  o n ly  use fu l a t  temperatures below 100°C. However, 

f o r  low temperatures t h i s  f i lm  e x h ib i t s  e x c e l le n t  f l u x  and good separa­

t i o n  w i th o u t  the very s h o r t  s e rv ic e  l i f e  o f  d im ethy l s i l i c o n e .

As was the case w i th  d imethyl s i l i c o n e ,  the h igh permeate f l u x  

may cause the  c o n c e n tra t io n  o f  HgS a t  the  membrane su r fa c e  to  be 

s i g n i f i c a n t l y  le ss  than th e  b u lk  c o n c e n tra t io n .  This e f f e c t  would reduce 

the  s e p a ra t io n  observed to  a va lue  less  than i t  cou ld  be i f  feed gas 

f lo w  cou ld  be m ain ta ined a t  a h ig h e r  r a te .



3. Poly V iny l F lu o r id e  -  A t room temperature t h is  m a te r ia l  e x h ib i t s  

such a slow permeation ra te  th a t  no gas permeated in  two runs la s t in g  

severa l hours even though the  sample te s te d  was th in n e r  ( .001 inch 

versus .002 in ch )  than many o f  the  o th e r  f i lm s  te s te d .  Poly v in y l  

f l u o r id e  e x h ib i t s  very low f l u x  values even as tempera ture is  increased . 

Separa tion  increases ve ry  r a p id ly  w i th  tem pera tu re . The permeate a t  

IOO0C con ta ins  40.5% HgS w h i le  the permeate a t  50°C con ta ins  24.6% HgS.

No te s ts  were conducted above IOO0C because the m a te r ia l  is  not 

recommended by the  m anufac tu re r f o r  use above th a t  tem pera ture .

4. Polyamide -  Runs a t  both room tempera ture  and 50°C r e s u l t  in  

a lm ost no HgS in  the  permeate ( le s s  than 1%). The f i l m  was not te s te d  

a t  h ig h e r  temperatures beause i t  is  n o t  recommended f o r  continuous high 

tem pera ture  use. F lux values h ig h e r  than those found in  most o th e r  

commercial f i lm s  are observed.

5. Heat S ta b i l i z e d  Polyamide -  Low temperature runs w i th  t h is  

m a te r ia l  g ive  re s u l t s  s im i l a r  to  those found f o r  po lyam ide. Runs a t  

23°C, 50°C and 75°C r e s u l t  in  a permeate w i th  less  hydrogen s u l f id e  

than is  p resen t in  the  feed . However, runs a t  IOO0C and 125°C produce 

good s e p a ra t io n .  A t  125°C the permeate is  found to  co n ta in  40.5% 

hydrogen s u l f i d e .  Separa tion  is  improved s l i g h t l y  (41.6% HgS in  the 

permeate) in  a run made a t  150°C. There is  d i f f i c u l t y  m a in ta in in g  the 

temperature o f  the  enc losu re  a t  IBO0C w i th  the  heaters a v a i la b le ,  so 

no f u r t h e r  runs were made a t  t h a t  tem pera ture .
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6. P o lysu lfone  -  A t room tempera ture  t h i s  membrane is  p a r t i c u l a r l y  

e f f e c t i v e  in  se p a ra t in g  hydrogen s u l f i d e  from n i t ro g e n .  The permeate 

stream a t  room tempera ture con ta ins  about e ig h t  t im es as much hydrogen 

s u l f i d e  as the  feed stream. Good sepa ra t ion  is  a lso  noted in  h ighe r  

tempera ture ru n s . Permeatecompositions range between 33.9% HgS and 

26.5% HgS. No trend  in  the  v a r ia t io n  o f  se p a ra t io n  w i th  temperature is  

observed. A t  1250C the membrane ru p tu re s , a p p a re n t ly  due to  thermal 

deg rada t ion  o f  the  f i l m  m a te r ia l .  Th is is  evidenced by extreme 

b r i t t l e n e s s  o f  th e  f i lm  a f t e r  the  125°C t e s t .

7. P o ly e th e rs u l fone -  Performance o f  t h i s  m a te r ia l  is  found to  

be very  dependent on tem pera tu re . A t  room temperature the  permeate 

con ta ins  much le ss  HgS than the feed s tream . However, a t  50°C good 

s e p a ra t io n  is  achieved and a t  75°C the bes t sepa ra t ion  w i th  t h is  f i lm  

occurs (32.8% HgS in  the perm eate). Separa tion  d e c l in es  in  runs made 

a t  IOO0C and 125°C. F lux values are below those recorded f o r  most 

o th e r  f i lm s .

(4) E f fe c t  o f  Temperature

Results  f o r  a l l  the  commercial f i lm s  show a s tron g  t ren d  toward 

in c re a s in g  f l u x  w i th  in c re a s in g  tem pera tu re . I t  i s  expected th a t  f l u x  

would inc rease  w i th  tem pera ture  because both d i f f u s i v . i t y  and s o l u b i l i t y  

o f  gases in  polymers f o l lo w  an A r rh e n iu s - ty p e  r e la t io n s h ip .  That i s ,  

both d i f f u s i v i t y  and s o l u b i l i t y  in c rease  exponentia l I y  w i th  temperature. 

F igure V-20, a p lo t  o f  f l u x  vs . tem pera tu re , shows the  t re n d  toward



in c re a s in g  f l u x  w i th  in c re a s in g  tem pera tu re . For s i l i c o n e  p o ly ­

c a rb o n a te  copolymer, p o ly s u l tone , and po ly  v in y l  f l u o r id e  the  p lo ts  

w i th  f l u x  on a lo g a r i th m ic  sca le  vs. tempera ture are l i n e a r ,  in d ic a t in g  

th a t  f l u x  v a r ie s  e x p o n e n t ia l ly  w i th  tem pera tu re . The p o ly e th e rs u lfo n e  

data cou ld  be expressed as a s t r a ig h t  l i n e ,  a l lo w in g  f o r  some data 

s c a t te r .

Heat s t a b i l i z e d  polyamide and un trea ted  polyamide behave very 

s im i l a r l y  a t  room tem pera ture  and 500C. However when heat s t a b i l i z e d  

polyamide is  te s te d  above 50° C . i t  e x h ib i t s  much lower f l u x  values than 

would be expected. A p p a re n t ly ,  the  heat s t a b i l i z e d  m a te r ia l  is  changed 

enough to  behave d i f f e r e n t l y  a t  h igh tem pera tu res. That i s ,  a t  high 

tempera tures (above 50°C) the  heat s t a b i l i z e d  polyamide acts  l i k e  a 

com p le te ly  d i f f e r e n t  m a te r ia l  than un trea ted  polyamide.

D i re c t  comparison o f  f l u x  values f o r  the  commercial f i lm s  tes te d  

is  no t p o s s ib le  because d i f f e r e n t  f i lm  th icknesses were used in  the 

t e s t s .  However i t  i s  expected th a t  f l u x  would be in v e rs e ly  p ro p o r t io n a l  

to  membrane th ic k n e s s .

The e f f e c t  o f tem pera ture  on s e p a ra t io n  v a r ie s  w id e ly  f o r  the 

commercial f i lm s  te s te d  (see Figure V -1 9 ) . Two o f  the f i l m s , 

p o ly v in y l  f l u o r id e  and heat s t a b i l i z e d  polyamide, e x h ib i t  a con t in ua l

inc rease  in  se p a ra t io n  w i th  tem pera tu re . . A temperature where
.

maximum se p a ra t io n  takes p lace is  observed w i th  p o ly e th e rs u l fone. The 

bes t  s e p a ra t io n  f o r  p o ly e th e rs u l fone (32.8% H^S in  the permeate) occurs
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a t  75°C. S i l ic o n e  po lycarbona te  copolymer and p o ly s u l tone do not 

f o l lo w  a general t re n d .  Up to  75°C, the  sepa ra t ion  achieved w ith  

p o ly s u l fone a c tu a l ly  decreases w i th  tem pera ture .

A t  room tem pera ture  o n ly  d im ethy l s i l i c o n e ,  s i l i c o n e  po lycarbonate 

and p o ly s u l fone f i lm s  produce a permeate stream w i th  more hydrogen 

s u l f i d e  than n i t ro g e n .  With the  o th e r  commercial f i lm s  n i t ro g e n  is  

concen tra ted  in  the  permeate a t  room tem pera tu re .

C. EFFECT OF FEED GAS COMPOSITION 

( -1) M a te r ia ls  Tested

Because t im e d id  not a l lo w  a l l  f i lm s  to  be te s te d  us ing  a d i f f e r e n t  

feed gas com pos it ion , two f i lm s  were s e le c te d  to  be te s te d  w i th  a feed 

gas c o n ta in in g  .2.1% HgS. The two m a te r ia ls  chosen were:

1. V in y l id e n e  f lu o r id e  m o d if ie d  w i th  10% 3-methyl s u l fo le n e

2. S i l ic o n e  po lycarbona te  copolymer -  General E le c t r i c  C orpora tion  

MEM-213

These f i lm s  were chosen f o r  f u r t h e r  t e s t in g  because they  e x h ib i te d  

good se p a ra t io n  in  te s ts  cond u c te d 'w ith  5% HgS feed gas.

(2 ) The Data

Test runs were made to  determ ine permeate f l u x  va lues and 

se p a ra t io n  f a c to r  values w i th  a feed gas c o n ta in in g  .27% HgS. A 

v i n y l idene f lu o r id e  f i lm  m od if ie d  w i th  3-methyl s u l fo le n e  was te s te d  

a t  temperatures rang ing  from 23°C(room tem pera ture) to  125°C. S i l ic o n e



po lycarbona te  copolymer was te s te d  a t  temperatures rang ing  from 23°C to  

75°C. Al I runs were conducted us ing an upstream gas pressure o f  

500 p s ig .  The data are presented in  Table V-3 and shown g r a p h ic a l ly  in  

F igures V-21 to  V-24.
' . . i

I

(3) D iscuss ion

' I .  V in y l id e n e  f lu o r id e  f i lm  m o d if ie d  w i th  10% 3-methyl s u l fo le n e :  

As is  seen in  F igure V-21, the s e pa ra t ion  f a c to r  values found using .27% 

HgS feed gas are much less  than those c a lc u la te d  f o r  5% HgS feed gas.

In  the  .27% feed gas t e s t s ,  the  h ig h e s t  sepa ra t ion  f a c to r  is  4 .5  (1.2% 

HgS in  the  permeate) w h i le  the low es t sepa ra t ion  f a c to r  found in  te s ts  

w i th  feed gas c o n ta in in g  5% HgS is  5 .5  (22.4% HgS in  the  permeate).

The e f f e c t  o f  tem pera ture  on s e pa ra t ion  does no t f o l lo w  a un ifo rm  

p a t te rn  as feed gas com pos ition  is  changed. For example, a t  50°C, the 

h ig h e s t  sepa ra t ion  f a c to r  value w i th  5% HgS feed gas and the  

low es t va lue w i th  .27%.H^S feed gas are repo r te d  (see F igure  V -21).

F lux values d e c l in e  in  te s ts  w i th  .27% HgS feed gas from those 

repo r te d  us ing 5% HgS feed gas. As can be seen in  F igure V-22, the 

e f f e c t  o f  temperature on f l u x  does fo l lo w  a un ifo rm  p a t te rn  as feed 

gas com pos it ion  is  changed. This is  seen in  the s i m i l a r i t y  in  the  

shape o f  the curves shown in  F igure V-22.

2. S i l ic o n e  po lycarbona te  copolymer : Separation f a c to r  values 

found us ing  .27% HgS feed gas are h ighe r  than those f o r  5% HgS feed 

gas a t  23°C and 5CPC (see F igure V -2 3 ) . A t  75°C a h ig h e r  sepa ra t ion



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

Temperature 
( ° C  )

10% 3-Methyl S u lfo lene  M o d i f ie r  Thickness = 2 m il

(M3(STP)^

Fl ux 
5% Feed

M2Hr
.27% Feed

Percent HgS
Separation Fac to r in  Permeate 
5% Feed .27% Feed 5% Feed .27% Feed

23 3.7 x IO '5 2.7 x IO "5 5.6 3.5 22.8 .9

50 4.3  x IO '4 7 .8  x IO "5 9.4 .9 33.1 .2

75 1.6 x IO "3 5.6 x IO "4 9.4 3.7 33.0 1.0

100 4.7  x IO"3 2.6 x IO "3 6.8 4.5 26.3 1.2

125 1.0 x IO "2 7.3  x IO "3 5.5 3.7 22.4 1.0

S i l ic o n e  Polycarbonate Copolymer Thickness; = I  m il

23 • 2 .8  x IO "1 2.0 x I O '1 8.9 10.4 32.0 2.7

50 . 3.5 x IO "1 2.7 x IO "1 7.0 9 .5 27.0 2.5

75 4 .1  x IO "1 3.0 x IO "1 7.6 6.0 28.5 1.6

VOno
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5% H0S Feed Gas

•  .27% H0S Feed Gas

Temperature ( 0C)

FIGURE V-21. EFFECT OF FEED GAS COMPOSITION ON SEPARATION FOR 
VINYLIDENE FLUORIDE WITH 10% 3-METHYL SULFOLENE 

MODIFIER
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5% H0S Feed Gas

.27% H0S Feed Gas

Temperature ( 0C)

FIGURE V-22. EFFECT OF FEED GAS COMPOSITION ON FLUX FOR VINYLIDENE 
FLUORIDE WITH 10% 3-METHYL SULFOLENE MODIFIER
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O 5% H9S Feed Gas

.27% H0S Feed Gas

25 50 75 100 125

Temperature ( 0C)

FIGURE V-23. EFFECT OF FEED GAS COMPOSITION ON SEPARATION FOR
SILICONE POLYCARBONATE COPOLYMER
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O 5% H0S Feed Gas

.27% H0S Feed Gas

Temperature ( 0C)

FIGURE V-24. EFFECT OF FEED GAS COMPOSITION ON FLUX FOR SILICONE
POLYCARBONATE COPOLYMER
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f a c to r  is  p resen t f o r  5% HgS feed gas . With .27% HgS feed gas a t  

room tem pera ture  a permeate c o n ta in in g  10 times as much HgS as the  feed . 

i s  produced. Due to  the ra p id  permeation ra te s  ob ta ined  w i th  t h is  

po lymer, a n i t ro g e n  b u i ld u p  a t  the membrane su r fa ce  (c o n c e n tra t io n  

p o la r iz a t io n )  may have h indered the se p a ra t io n  process, p a r t i c u l a r l y  

w i th  the  5% HgS feed gas.

F lux va lues us ing  .27% HgS feed gas are less  than those reported  

us ing  5% HgS feed gas. The s i m i l a r i t y  in  the  shape o f  th e  curves in  

F igure  V -24 shows t h a t  the  e f f e c t  o f  tem pera ture  on f l u x  i s  n e a r ly  

independent o f  feed gas com pos it ion .

In  summary, i t  appears th a t  f l u x  decreases u n i fo rm ly  as. the 

percentage o f  HgS in  the  feed gas stream d e c l in e s .  Based on these 

r e s u l t s ,  however, no g e n e ra l iz a t io n s  concern ing the  e f f e c t  o f  feed gas. 

com pos it ion  on se p a ra t io n  f a c to r  values are p o s s ib le .

D. SUMMARY OF BEST RESULTS

Table V-4 presents  a summary o f  th e  bes t sepa ra t ion  re s u l t s  

ob ta ined  in  t h is  s tudy us ing  a 5% HgS feed gas.

As can be seen in  Table V-4, severa l o f  the  com m erc ia lly  a v a i la b le  

polymer f i lm s  show promise f o r  use in  la rg e  sca le  HgS removal systems.

For low tempera ture  a p p l ic a t io n s  (around room tem pera ture) po lysu l fo n e  

and s i l i c o n e  po lycarbona te  copolymer f i lm s  g ive  good s e p a ra t io n .

S i l ic o n e  po lycarbona te  copolymer has the  added advantage o f  ve ry  h igh  - 

f l u x  va lues .  For h ig h e r  temperatures (IOO0C -  150°C) heat s t a b i l i z e d
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TABLE V-4. SUMMARY OF BEST SEPARATION RESULTS

Feed = 5% HgS in  Ng Pressure = 500 ps ig

F ilm  M a te r ia l
Separa tion

Facto r
% H2S in  
Permeate

Temperature 
(°C )

Heat S ta b i l i z e d  
Polyamide 13.5 . 41.6 150

Heat S ta b i l i z e d  
Polyamide 12.9 40.4 125

Poly V iny l F lu o r id e 12.9 40.5 100

P o lysu lfo ne 12.7 40.0 23

P o lysu lfone 9.7 33.9 75

P o ly  V in y l F lu o r id e 9.4 33.2 75

V in y l id e n e  F lu o r id e  
10% 3-Methyl S u lfo le n e 9 .4 33.1 50

V in y l id e n e  F lu o r id e  
10% 3 -Methyl S u lfo le ne 9.4 33.0 75

P o ly e th e rs u l fo n e 9.3 32.8 75

P o lysu lfo ne 9.1 32.4 50

S i l i c o n e  Polycarbonate 8 .9 32.0 23

V in y l id e n e  F lu o r id e  
10% Monoisopropano- 
lamine 8 .9 31.9 75
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polyamide and p o ly v in y l  f l u o r id e  f i lm s  p rov ide  good s e p a ra t io n .  Heat 

s t a b i l i z e d  polyamide is  somewhat h indered by r e l a t i v e l y  low f l u x  values . 

compared to  o th e r  commercial f i lm s .

Several o f  the m o d if ie d  v in y l id e n e  f lu o r id e  f i lm s  te s te d  a lso  g ive  

good se p a ra t io n  r e s u l t s .  Tests w i th  3-methyl s u l fo le n e  m o d i f ie r  produce 

a permeate c o n ta in in g  33% H2S from a 5% H2S feed a t  50°C and 75°C.

F lux values ob ta ined  us ing  3-methyl s u l fo le n e  m o d i f ie r  are comparable 

to  those ob ta ined  f o r  most o f  the  commercial f i lm s .  D i re c t  comparison 

is  n o t  p o s s ib le  in  a l l  cases because d i f f e r e n t  f i lm  th icknesses  were 

used in  t e s t s .  Films c o n ta in in g  monoisopropanol amine m o d i f ie r  also 

e x h ib i t  good se p a ra t io n  a t  75°C. Films m od if ied  w i th  m orpholine and 

d i isop ropano lam ine  p rov ide  good se p a ra t io n  a t  a l l  tem pera tu res .

E. ANALYSIS OF ERRORS

The r e l i a b i l i t y  o f  the  measurements made du r ing  t h i s  s tudy could 

be in f lu e n c e d  by severa l p o s s ib le  sources o f  experim enta l e r r o r .  The 

most im p o r ta n t  p o s s ib le  e r r o r  sources a re :

I .  Changes in  the tempera ture o f  the  gas in  the permeate l i n e  

o u ts id e  the cons tan t tem pera ture  enc losu re . I t  i s  assumed in  

a l l  c a lc u la t io n s  t h a t  permeate gas in  the permeate l i n e  

o u ts id e  the  cons tan t tem pera ture  enc losure i s  a t  room 

tem pera tu re . I f  t h i s  gas is  in  f a c t  a t  a tem pera ture  above 

room tem pera ture  the  permeation ra te  values recorded would be 

h ig h e r  than ac tua l va lues .
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2. Changing re s is ta n c e  o f  the f l u i d  in  the  permeate l i n e .  As 

more f l u i d  is  pushed ou t o f  the  permeate l i n e  by permeate 

g a s . th e  re s is ta n c e  caused by th e  f l u i d  in  the  l i n e  decreases. 

This e f f e c t  is  i n s ig n i f i c a n t  when permeation ra te s  are h ig h ,  

bu t cou ld  a f f e c t  re s u l t s  f o r  runs w i th  low permeation ra te s .

3. Non-uniform  f i l m  th ic k n e s s .  V a r ia t io n s  in  f i lm ,  th ickness  

between d i f f e r e n t  membranes and on d i f f e r e n t  areas o f  the

same membrane could cause e r ro rs  in  measured f l u x  va lues , s ince  

f l u x  decreases as membrane th ickness  inc reases .

4 . V a r ia t io n  in  membrane polymer s t r u c tu r e .  F o r v in y l id e n e  

f lu o r id e  membranes even small changes in  d ry in g  tem pera tu re , 

d ry in g  t im e ,  and t im e in  s o lu t io n  be fore  c a s t in g  cou ld  cause

-changes in  c r y s t a l l i n i t y  o r  change the polymer s t ru c tu r e  in  

o th e r  ways. Any change in  polymer s t r u c tu r e  would be 

expected to  in f lu e n c e  the  values o f  f l u x  and sepa ra t ion  f a c to r  

recorded d u r in g  t e s t  runs .



CONCLUSIONS.AND' RECOMMENDATIONS

A. CONCLUSIONS

1. Examination o f  the su rfaces  o f  m o d if ie d  v i n y l idene f lu o r id e  

membranes using a scanning e le c t ro n  microscope in d ic a te s  th a t  

polymer s o lu t io n s  must be a llow ed to  stand f o r  15 days and be de­

gassed be fo re  membranes are ca s t  in  o rd e r  to  in s u re  un ifo rm

. su r fa ce  c h a r a c t e r is t i c s .

2. The a d d i t io n  o f  a m o d i f ie r  in  which HgS is  s o lu b le  to  v in y l id e n e  

f l u o r id e  membranes can r e s u l t  in  a s i g n i f i c a n t  inc rease  in  HgS 

s e p a ra t io n  over t h a t  ob ta ined  w i th  unmodified f i l m .  '

3. Of the  m a te r ia ls  te s te d  as m o d i f ie r s ,  3-methyl s u l fo le n e ,  m orpho line , 

monoisopropanol amine and d i isopropano l amine a l l  g iv e  ve ry  good 

s e p a ra t io n  r e s u l t s .  Using 10% 3-methyl s u l fo le n e  a t  50°C a 5% 

m ix tu re  o f  HgS can be concen tra ted  to  33% HgS.

4 .  Permeate f l u x  and sepa ra t ion  show a s tron g  tendency to  increase 

w i th  in c re a s in g  tem pera ture .

5 . Several o f  the  commercial f i lm s  te s te d  p rov ide  good sepa ra t ion  

o f  HgS from Ng. A t room te m p e ra tu re .p o ly s u l fo n e ,  s i l i c o n e  

po lycarbona te  copolymer and d im ethy l s i l i c o n e  f i lm s  are e f f e c t i v e  

f o r  c o n c e n tra t in g  HgS. At temperatures o f  IOO0C and above 

p o l y v i n y l  f l u o r id e  and heat s t a b i l i z e d  polyamide f i lm s  e x h ib i t  

h igh  s e pa ra t ion  f a c t o r s . For example, a t  125°C a 5% m ix tu re  o f  

HgS can be concen tra ted  to  40% HgS using a f i l m  o f  heat s t a b i l i z e d  

polyam ide. .
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6. Lowering the  amount o f  HgS in  the  feed gas stream causes permeate 

f l u x  to  decrease. No g e n e ra l iz a t io n s  are p o s s ib le  concern ing 

the  e f f e c t  o f  feed gas com pos it ion  on sepa ra t ion  based on the 

r e s u l t s  o f  t h i s  s tu d y .
i
I

B. RECOMMENDATIONS

( I )  'M o d i f ie d  VinyTidene F lu o r id e  Films

More work should be done to  determ ine the  polymer s t r u c tu r e  o f  

m o d if ie d  v i n y l i dene f l u o r id e  membranes. F u r the r  e le c t ro n  microscope 

s tu d ie s  o f  membrane surfaces  cou ld  be used to  determ ine how membrane 

m anu fac tu r ing  steps in f lu e n c e  membrane s t r u c tu r e .  For example, 

membrane samples formed by d ry in g  a t  d i f f e r e n t  temperatures could be 

checked us ing the  e le c t ro n  microscope to  see i f  su r face  c h a r a c te r is t i c s  

are  changed. . C r y s t a l l i n i t y  measurements shou ld  be made to  determ ine the 

e f f e c t  o f  m o d i f ie r  a d d i t io n  on c r y s t a l l i n i t y .  Th is  cou ld  be done using 

x - ra y  d i f f r a c t i o n  methods. Techniques to  determine the  amount o f  

m o d i f ie r  which is  a c t u a l ly  p resen t in  the  membrane should be in v e s t ig a te d .  

Such a techn ique cou ld  a lso  be use fu l in  de te rm in ing  whether o r  no t 

the  m o d i f ie r  is  l o s t  from  the membrane as t im e p rogresses. Since many 

o f  the  m o d if ie rs  used co n ta in  n i t r o g e n ,  perhaps q u a n t i t a t i v e  a na lys is  

methods f o r  n i t ro g e n  cou ld  be used. ■ ■

Other techniques f o r  membrane fo rm a t io n ,s h o u ld  be in v e s t ig a te d .

Such techn iques in c lu d e  d ry in g  a t  low pressure and low tempera ture  and 

removal o f  the  s o lv e n t  by d i f f u s io n  in to  ano ther l i q u i d  in  which the
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polymer and m o d i f ie r  are n o t  s o lu b le .  These methods may produce 

f i lm s  w i th  d i f f e r e n t  polymer s t r u c tu r e s .  Such techniques m ight a lso 

a l lo w  more m o d i f ie r  to  be re ta in e d  in  the  membrane than high temperature 

d ry in g  does.

The e f f e c t  o f  the  amount o f  m o d i f ie r  added to  the  membrane should 

be s tu d ie d .  That i s ,  t e s ts  shou ld be run on membranes formed from 

s o lu t io n s  c o n ta in in g  q u a n t i t ie s  o f  m o d i f ie r  both above and below ten 

w e igh t pe rcen t.  I t  is  p o s s ib le  t h a t  s e pa ra t ion  cou ld  be g re a t ly  

improved by in c re a s in g  the amount o f  m o d i f ie r  in  the  membrane.

O ther m o d if ie rs  should be te s te d  in  the search f o r  a system which 

p rov ides  both good f l u x  and s e p a ra t io n .  Compounds re la te d  to  those 

te s te d  in  t h i s  s tudy  which cou ld  be s tu d ie d  in c lu d e  P-ami nophenyl 

s u l fo n e ,  phenyl s u l fo n e ,  N-methyl m orpho l ine , d i e thano l amine and 

t r i is o p ro p a n o l  amine.

Another p o s s ib le  research area suggested by t h is  work is  to  add 

those p la s t i c i z e r s  which were found to  work bes t to  polymers o th e r  than 

v i n y l idene f l u o r id e .  Polymers t h a t  cou ld  be used in c lu d e  those o f  

v in y l  f l u o r i d e ,  v in y l id e n e  c h lo r id e  and v in y l  c h lo r id e .

(2 ) Commercial Films

In c o n t in u in g  the  search f o r  a po lym eric  membrane m a te r ia l  which 

p rov ides good f l u x  and sepa ra t ion , o th e r  com m erc ia lly  a v a i la b le  f i lm s  

should be te s te d .  Among the many p o s s i b i l i t i e s  are m a te r ia ls  such as 

po lyp ropy lene , p o ly s ty re n e ,  p o ly im id e ,  and p o ly v in y l  c h lo r id e .



I t  i s  p o s s ib le  t h a t  s e pa ra t ion  cou ld  be improved by adding the 

m o d if ie rs  which gave th e  bes t r e s u l t s  w i th  v i n y l idene f l u o r id e  to  the 

polymer f i lm s  which a lso  gave good se p a ra t io n  r e s u l t s .  I t  i s  expected 

t h a t  such a dual system would g ive  very  good r e s u l t s .

(3 )  A l l  F ilms

Tests should be made a t  o th e r  o p e ra t in g  pressures to  determine the 

e f f e c t  o f  pressure on f l u x  and s e p a ra t io n .  S p e c i f i c a l l y ,  te s ts  a t  

pressures o f  100 p s ig ,  300 ps ig  and 700 ps ig  in  a d d i t io n  to  those 

a lre a d y  conducted a t  500 ps ig  would a l lo w  pressure e f fe c t s  to  be 

e x p lo red .

The need f o r  t e s t  runs a t  h ig h e r  temperatures is  suggested by 

the  r e s u l t s  o f  t h i s  s tu d y .  For many o f  the  m a te r ia ls  te s te d ,  sepa ra t ion  

increases c o n t in u a l ly  w i th  tem pera tu re . Runs a t  h ighe r  temperatures 

would a l lo w  t h i s  t re n d  to  be f u r t h e r  exp lo red .

Membrane l i f e  s tu d ie s  shou ld  be conducted to  determ ine i f  f l u x  and 

se p a ra t io n  va lues change w i th  the age o f  the  membrane. These te s ts  are 

p a r t i c u l a r l y  im p o r ta n t  f o r  m od if ie d  v in y l id e n e  f lu o r id e  membranes because 

the  m o d i f ie r  con ten t  may decrease w i th  t im e .  P a r t i c u la r l y  a t  high 

tem pera tu re , the  m o d i f ie r  may s lo w ly  work i t s  way o u t  o f  the polymer 

s t ru c tu re -  and evaporate .

The f i lm s  which g ive  the  best se p a ra t io n  r e s u l t s  should be te s te d  

us ing  a gas m ix tu re  having a com position s im i la r  to  t h a t  o f  the gas 

stream le a v in g  a coal g a s i f i c a t io n  r e a c to r .  For example, the  fo l lo w in g
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gas com positions have been repo r te d  (70) f o r  raw gas le a v in g  a Koppers- 

Totzek Process g a s i f i c a t io n  r e a c to r  (volume percentage on a d ry  b a s is ) :

Western Coal I l l i n o i s  Coal Eastern Coal

CO 58.68 55.38 55.90

CO2 7.04 . . . 7.04 7.18

H2 32.86 34.62 35.39

N2 1.12 1.01 1.14

H2S .28 1.83 .35

COS .02 t—
*

PO .04

By making te s ts  on a s im u la ted  g a s i f i e r  e x i t  gas more in fo rm a t io n  on 

membrane sepa ra t ion  performance cou ld  be gathered.
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TABLE OF NOMENCLATURE

C

D

D0

E

h

H

H0

L

N

P

P

R

S

S0

T

x

y

z

C oncen tra t ion

D i f f u s i v i t y

C o e f f i c ie n t  in  A rrhen ius  express ion  f o r  d i f f u s i v i t y  

A c t iv a t io n  energy f o r  d i f f u s io n  

Apparent heat o f  s o lu t io n  

Henry 's  Law Constant

C o e f f i c ie n t  in  A rrhen ius  express ion  f o r  Henry 's  Law Constant

Membrane th ickness

Mass f l u x

T o ta l pressure

P a r t ia l  pressure

Gas cons tan t  ?

S o lu b i l i t y  o f  gas o r  vapor in  polymer

C o e f f i c ie n t  in  Arrhenius express ion  f o r  s o l u b i l i t y

Abso lu te  temperature

Mole f r a c t io n  in  feed

Mole f r a c t io n  in  permeate

Length c oo rd ina te

S ubsc r ip ts

a Component a

b Bu lk  stream

m Membrane p ro p e r ty
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S u bsc r ip ts  ( c o n t . )

0 In te r fa c e

1 High pressure s ide  o f  permeation c e l l

2 Low pressure s ide  o f  permeation c e l l

Greek L e t te rs

a S epa ra tion  fa c to r
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