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QUALITY CONTROL OF ABSOLUTE BACTERIA REMOVAL FILTERS

IN TRODUCTION:

A c h ie v e m e n t of b a c te r io lo g ic a l  s t e r i l i ty  r e q u i r e s  th a t:

A. T he f i l t e r  m u s t  r e l ia b ly  a c c o m p lis h  i t s  re m o v a l  fu n c tio n .

B. T he f i l t e r  m u s t  n o t r e le a s e  in to  th e  d o w n s tre a m  flu id  s ig n if ic a n t 

q u a n titie s  of fo re ig n  m a te r ia l s  - e i th e r  in  so lu tio n  o r  a s  so lid  

p a r t i c le s .

C . T he f i l t e r  i s  p r e f e r r e d  to  h a v e  long l i f e ,  low  p r e s s u r e  d ro p , e a se  

of in s ta l la t io n  and  s te r i l iz a t io n ,  f r e e d o m  f r o m  p ro b le m s  su ch  a s  

eiir b in d in g , and  low  c o s t.

We s h a ll  c o n c e n tra te  in  th is  p a p e r  on th e  m e a n s  fo r  a s s u r in g  c o n s is te n t  

q u a n tita tiv e  re m o v a l of b a c te r ia  fo llo w ed  by a  b r i e f  re v ie w  of o th e r  q u a lity  

c o n tro l  f a c to r s .

SIM U LA TED  SER V IC E T E S T :

D u ra tio n  of f i l t r a t io n  o p e ra tio n s  v a r ie s  f ro m  a few  m in u te s  up to  s e v e r a l  m o n th s  

o r  y e a r s  of co n tin u o u s o r  in te r m i t te n t  flow . In o r d e r  to  p ro v id e  the  h ig h e s t  

p o s s ib le  r e l ia b i l i ty ,  w h ile  b e a r in g  in  m in d  th a t a la r g e  n u m b e r  of t e s t s  m u s t  be 

ru n  w ith in  a  r e a s o n a b le  le n g th  of t im e , P a l l 's  b a s ic  s im u la te d  s e r v ic e  t e s t  h as  

b e e n  s e t  up a s  fo llo w s:

A su sp e n s io n  of th e  s m a l le s t  c o m m e rc ia l ly  a v a ila b le  b a c te r iu m , P se u d o m o n a s  

d im in u ta  (ATCC 19146), in  w a te r  a t  2 to  4x10^ p e r  l i t e r ,  is  fed  co n tin u o u s ly  a t 

a  r a te  of one l i te r /m in u te  to  th e  t e s t  c a r t r id g e  o v e r  a  p e r io d  of 2 to  4 w eek s , by  

w h ich  t im e  th e  e le m e n t m a y  b e  c lo g g ed  w ith  b a c te r i a  to  th e  e x te n t th a t  th e  one l i t e r  

flo w  r a te  can  n o t be  m a in ta in e d . S a m p le s  a r e  ta k en  d a ily  and  c u ltu re d ; e fflu en t



m u s t  be c o n s is te n tly  s t e r i l e .

To su p p le m e n t the  above s ta n d a rd  te s t ,  a s m a l le r  n u m b e r  h av e  b e e n  ru n  

u s in g  h ig h e r  b a c te r ia  lo a d in g s  (hence  le s s  t im e  to  c logg ing  and  s h o r te r  

t e s t  d u ra tio n ) , and o th e rs  h ave  b e e n  ru n  u s in g  lo w e r  b a c te r ia  lo a d in g s , 

w ith  lo n g e r  o p e ra tin g  c y c le s .

N O N -D ESTR U C T IV E QUALITY C O N TR O L T E S T :

T he d e v e lo p m en t of a  s a t i s f a c to r y  n o n -d e s t ru c t iv e  t e s t  w h ich  c o r r e la t e s  

w e ll w ith  the  above d e s c r ib e d  s im u la te d  s e r v ic e  t e s t  h a s  o ccu p ied  m u c h  of 

o u r  e n e rg ie s  d u rin g  th e  l a s t  18 m o n th s .

C o n s id e ra tio n  w as g iv en  to  the  u s e  of the  " f i r s t  b u b b le  p o in t"  t e s t .  In th is  

t e s t ,  the  f i l t e r  is  w e tte d , fo llow ed  by m e a s u r e m e n t  of the  p r e s s u r e  r e q u ir e d  

to  m ak e  the  f i r s t  b u b b le  a p p e a r .  T h is  t e s t  h a d  i t s  f i r s t  in d u s t r ia l  u se  to 

c o n tro l  q u a lity  of p o ro u s  m a te r ia l s  by  P a l l  C o rp o ra t io n  in  th e  e a r ly  1 9 5 0 's . 

F o r  m an y  ty p es  of f i l t e r s  c o a r s e r  than  th e  b a c te r io lo g ic a l  ra n g e  i t  p ro v id e s  

a v e ry  p r e c i s e  in d ic a tio n  of m a x im u m  p a r t i c le  p a s s e d  (1, 2). T h is  s a m e  

m e th o d  is  re c o m m e n d e d  by  m a n u fa c tu r e r s  of p la s t ic  m e m b ra n e s  fo r  u s e  in  

th e  b a c te r io lo g ic a l  ra n g e  (3).

Two p ro b le m s  w e re  e x p e r ie n c e d  w hen  we a t te m p te d  to  ap p ly  th is  t e s t  to  P a l l  

C o rp o ra t io n 's  new  0 .2  jam  r a te d  AR e le m e n t. F i r s t ,  w hen  in d iv id u a l e l e ­

m e n ts  w e re  w e tte d  w ith  w a te r  and  s u b je c te d  to  v is u a l ly  o b s e rv e d  b u b b le  p o in t 

te s t in g , and th e  r e s u l t s  c o r r e la te d  w ith  th e  r e s u l t s  of th e  s im u la te d  s e r v ic e  

t e s t ,  i t  w as found th a t a  b ro a d  b u b b le  p o in t ra n g e  e x is te d , in  w h ich  so m e  

e le m e n ts  w ould  p a s s  and  o th e rs  w ould  f a i l  th e  s im u la te d  s e r v ic e  te s t ;  above



th is  ra n g e  a l l  e le m e n ts  p a s s e d , and b e lo w  i t  a l l  e le m e n ts  fa ile d . T h u s , a 

s u b s ta n tia l  p ro p o r t io n  of the  e le m e n ts  r e a l ly  su ita b le  fo r  s e r v ic e  w e re  b e in g  

re je c te d ,  in c re a s in g  o u r c o s ts .  S econd , and  m o re  im p o r ta n t, w hen a  v is u a lly  

bub b le  f r e e  e le m e n t w as w e tted  and p la c e d  in  a  h o u sin g , and th en  p r e s s u r i z e d  

to  the  s a m e  t e s t  p r e s s u r e ,  a  s ig n if ic a n t flow  w as m e a s u re d  a t  th e  o u tle t  of the 

h o u s in g .

O ur f u r th e r  in v e s t ig a tio n s  in c lu d e d  the  fo llow ing  o b s e rv a tio n s :

A. P a l l  C o rp o ra tio n  b a c te r ia l  f i l t e r s  a r e  m ad e  of f ib ro u s  m e m b ra n e . A 

w id e ly  u se d  c o m p e titiv e  f i l t e r  m e d iu m , GS22, is  of a ll  p la s t ic  m e m ­

b ra n e  c o n s tru c tio n . U sing  th is  p la s t ic  m e m b ra n e  we w e re  u n ab le  

u n d e r  any  c ir c u m s ta n c e s  to o b ta in  z e ro  flow  in  s im i la r  t e s t s ,  even  

though  ap p lie d  p r e s s u r e s  w e re  l e s s  th an  one fo u r th  th o se  re c o m m e n d e d  

by  th e  m a n u fa c tu r e r s  fo r  te s t in g . F o r  e x am p le , w ith  an a s s e m b ly  

co n ta in in g  s ix  s q u a re  fe e t  of GS22 m e m b ra n e , w h ich  is  re c o m m e n d e d  

by  i t s  m a n u fa c tu r e r  to  be  te s te d  a t  40 p s i ,  a p p lic a tio n  of 10 p s i  r e ­

su lte d  in  a  co n tin u o u s  flow  of o v e r 5 m l p e r  m in u te  of a i r .

B. T he s a m e  GS22 m e m b ra n e  w as w a te r  w e tte d  and te s te d  a s  a f la t  d isc  

in  an  open j ig . W hile the  n o rm a l  f i r s t  bub b le  p o in t w as 55 p s i  (3), 

o b s e rv a tio n  a t  10X w ith  th e  a id  of a  s te r e o  m ic ro s c o p e  show ed  a 

la r g e  n u m b e r  of b u b b le s , c lin g in g  to  the m e m b ra n e  s u r f a c e ,  a f te r  a 

10 to  20 m in u te  e x p o su re  to 10 p s i  of a i r  p r e s s u r e .  T h is  o b se rv a tio n  

w as q u a n tif ie d  by  m e a s u r in g  v o lu m e of a i r  flow  a g a in s t  t im e , w ith  the  

r e s u l t s  show n in  F ig u r e  7; th e  c a u se  of the o b s e rv e d  in s ta b il i ty  

p ro b a b ly  l ie s  in  the  f a i lu r e  of w a te r  to w e t thp = << .,T >  * 1*1»  —



C . W hen th e  s a m e  GS22 m e m b ra n e  w as w e tted  w ith  V a r s o l  (a p e tro le u m  

f ra c t io n  w ith  s u r fa c e  te n s io n  1 /3  th a t  of w a te r ) , o b se rv a tio n  w ith  a  

m ic ro s c o p e  a t  10X m a g n if ic a tio n  show ed  v e ry  a c tiv e  bubb ling  a t  3 p s i;  

in  th e  V a rs o l  th e s e  b u b b les  w e re  c o n tin u o u s ly  r e le a s e d  f r o m  the  f i l t e r  

s u r fa c e .  B ase d  on th e  r a t io s  of th e  s u r fa c e  te n s io n s , th is  o b s e rv a tio n  

in d ic a te s  a  9 p s i  o r  lo w e r  f i r s t  bub b le  p o in t in  w a te r  (see  in f r a  eq u a tio n  

(2) fo r  re la t io n s h ip  b e tw een  bub b le  p o in t, s u r fa c e  te n s io n , and  ang le  

of c o n ta c t. )

T he  b e h a v io r  of the  GS22 m e m b ra n e  d e s c r ib e d  in  p a ra g ra p h s  B and C w as c o n ­

s i s te n t  in  re p e a te d  te s t s  w ith  v a ry in g  lo t  n u m b e rs , u s in g  sp e c im e n s  o b ta in ed  

d i r e c t ly  f ro m  the  m a n u fa c tu r e r ,  a s  w e ll a s  o th e rs  su p p lied  to  u s  a s  a  c o u r te s y  

by a  p h a rm a c e u t ic a l  m a n u fa c tu r in g  c u s to m e r ,  w ho h a d  in  tu rn  p u rc h a s e d  th e m  

f r o m  th e  m e m b ra n e  m a n u fa c tu re r .

I t  w as c le a r  f ro m  the  above th a t  v is u a l  o b s e rv a tio n s  w e re  d if f ic u lt  o r  m is le a d in g , 

due to  th e  s m a l l  s iz e  of the  b u b b le s , o r  to  the  long  t im e  fa c to r s  in v o lv ed . It 

w as re a s o n e d  th a t d i r e c t  re a d in g  of flow s a t  e ac h  p r e s s u r e  cou ld  be  m u ch  m o re  

s e n s i t iv e  th an  v is u a l o b se rv a tio n , and  in  ad d itio n  w ould be  q u a n tita tiv e , e a s y  to 

p e r fo rm , and  p ro b a b ly  f a s t e r .

A p p a ra tu s  w as th e n  b u i l t  to  p e r m i t  q u a n tita tiv e  m e a s u re m e n t  of flow  v s  p r e s s u r e  

d ro p  fo r  v a r io u s  f la t  s h e e t  m a te r i a l s .  The flow  d e te c tio n  d e v ice  w as a  c a r e ­

fu lly  c a l ib ra te d  G ilm o n t m ic ro - f lo w m e te r ,  w hich  w as u se d  w ith  a  1 /20  s q . f t .
2

a r e a  f la t  s p e c im e n  t e s t  jig  p ro v id in g  a  ra n g e  f ro m  8 m l /m in /M  to  2000 m l /

2
m in /M  . D a ta  o b ta in ed  i s  show n in  F ig u re  1, fo r  GS22 and  P a l l  C o rp o ra t io n 's



AR g ra d e , and  fo r  th e  n u c le a r  ty p e  of m e m b ra n e . T h e  AR c h a r a c t e r i s t i c s  

a r e  p lo tte d  fo r  s in g le  and  doub le  la y e r s ;  the  double  la y e r s  a r e  m o re  s ig n if i ­

c a n t  b e c a u s e  a  doub le  la y e r  i s  u s e d  ro u tin e ly  in  b o th  d is c  and  c o r ru g a te d  

e le m e n t a p p lic a tio n s . R un w ith  V a rs o l ,  th e s e  t e s t s  w e re  f a s t ,  and  th e  r e ­

su ltin g  q u a n tita tiv e  d a ta  c o n s is te n tly  r e p e a ta b le  fo r  a  g iven  sp e c im e n .

T he fo llow ing  is  an  a n a ly s is  of the  th e o r e t ic a l  s ig n if ic a n c e  of the  c u rv e s  of 

F ig u r e  1.

C o n s id e r  a  f i l t e r  c o n s is tin g  of a  s in g le  c a p i l la r y ,  of c i r c u la r  

c r o s s  s e c tio n , w ith  d ia m e te r  = D (F ig u re  2A. ) T he c a p i l la r y  

i s  in i t ia l ly  f i l le d  w ith  flu id ; th e  p r e s s u r e  P  r e q u ir e d  to  e je c t  

th is  f lu id  h a s  b e e n  show n to  b e  (4):

P  = co s  © (1)

w h e re  is  the  s u r fa c e  te n s io n  of th e  f lu id , and  © is  th e  an g le  

of c o n ta c t b e tw ee n  the  liq u id  and  th e  m a te r ia l  of w h ich  the  

c a p i l la r y  is  co m p o se d . If © is  z e r o ,  co s  © = 1, and the  p r e s s u r e  

r e q u ir e d  to  e je c t  liq u id s  f r o m  a f i l le d  c a p i l la r y  is  p ro p o r t io n a l  

to  the  s u r fa c e  te n s io n . C o m p a rin g  V a r s o l  (¿f = 25. 5, © = 0) to  

w a te r  (¿f = 74, © = f in ite )  we s e e  th a t  the  r a t io

—  ¿ 2 .  <  7 4 . (2)
P  V a r s o l  25. 5

W hen th e  liq u id  w e ts  th e  c a p i l la r y  s u r f a c e ,  th e  an g le  of c o n ta c t



G e n e ra lly , the  h o le  th ro u g h  a  f i l t e r  m e d iu m  w ill  n o t be a  sm o o th  

c i r c u la r  c a p i l la r y .  F ig u r e s  4 and  5 show  sca n n in g  e le c tro n  m i c r o ­

g ra p h s  of th e  AR f ib ro u s  m e m b ra n e  and  of th e  GS22 p la s t ic  m e m b ra n e  

m e d ia , w h ich  i l lu s t r a t e  th is  co n v in c in g ly . We m u s t, th e r e f o r e ,  

d i r e c t  o u r  a tte n tio n  to open in g s  of i r r e g u l a r  c r o s s  s e c t io n s , a s  

i l lu s t r a te d  in  F ig u re  2B . A n a ly s is  of ra n d o m  sh ap e d  p o r e s  b e c o m e s  

m a th e m a tic a l ly  d if f ic u lt  o r  im p o s s ib le ;  h o w e v e r , i t  h a s  b e en  show n 

(2) th a t  fo r  a  sp e c if ic  sh ap e  of p o re  w e tted  w ith  a  flu id  of z e ro  c o n ta c t 

a n g le , a  re la t io n s h ip  e x is ts  b e tw e e n  the  d ia m e te r  of th e  m a x im u m  

s p h e r ic a l  p a r t i c le  w h ich  w ill p a s s  th ro u g h  i t ,  and  th e  p r e s s u r e  r e ­

q u ire d  to  e je c t  th e  f lu id  f r o m  th e  c a p i l la r y

_  C o n s ta n t .
D = ---- p ------  (4)

R e a l f i l t e r s  h a v e  n u m e ro u s  o p en in g s , n o t a l l  of e q u a l s iz e ,  and  a r e  

m o re  n e a r ly  r e p r e s e n te d  by  F ig u r e  2C . A s p r e s s u r e  is  in c r e a s e d ,  

flow  in c r e a s e s  a s  e ac h  s u c c e s s iv e ly  l a r g e r  c a p i l la r y  opens up , and 

w e sh o u ld  e x p e c t to  g e n e ra te  a  c u rv e  lik e  th a t of F ig u r e  1, in  w h ich  

th e  e x is te n c e  of flow  a t a  g iv en  p r e s s u r e  d ro p  c o r r e s p o n d s  to  th e  

e x is te n c e  of h o le s  of a  g iv en  s iz e .

If w e w e re  to  app ly  o u r p r e s s u r e  d ro p  flo w  m e a s u r e m e n t  t e s t  to  the  

c o n f ig u ra tio n s  of F ig u r e  2C and F ig u r e  2D , we sh o u ld  find  th a t  

f ig u ra tio n  2D h a s  m o re  flo w  a t a  g iv en  p r e s s u r e  d ro p  th an  F ig u r e  

2C; th is  r e f le c ts  the  l a r g e r  n u m b e r o f la r g e  h o le s  in  2D . H ad w e 

m e a s u re d  f i r s t  b u b b le  p o in t only , w e sh o u ld  h av e  b e en  m is le d  in to



a ssu m in g  2C and  2D to  be  eq u a l, w hen in  fa c t  2C is  s u p e r io r ,

h av in g  fe w e r la r g e  h o le s .

S om e im p o r ta n t  c o n c lu s io n s  m ay  be d raw n :

A . M e a s u re m e n t of flow  vs p r e s s u r e  d ro p  y ie ld s  m o re  

s ig n if ic a n t in fo rm a tio n  th an  m e a s u re m e n t  of f i r s t  

bub b le  p o in t only .

B. R e fe r r in g  to  th e  c u rv e s  of F ig u r e  1, the  o rd in a te

is  a  m e a s u r e  of the  n u m b e r of h o le s  and the  a b s c is s a  

is  in  in v e r s e  r e la t io n s h ip  to  the  d ia m e te r  of the  h o le s . 

P r e c i s e  m e th o d s  fo r  co m p u tin g  th e  n u m b e r  of h o le s , and  the  

a c tu a l p o re  d ia m e te r s ,  a p p e a r  n o t to be  a v a ila b le . I t  i s ,  

h o w e v e r , p o s s ib le  to  m a k e  so m e  a p p ro x im a te  c o m p u ta tio n s , 

and  th is  h a s  b e en  done a s  fo llo w s:

1. Known o r  e s t im a te d  b a c te r ia  re m o v a l  c h a r a c te r i s t i c s  

w e re  u s e d  to  c o n v e r t  th e  p r e s s u r e  s c a le  to  an  " e f fe c tiv e  

re m o v a l  d ia m e te r "  s c a le .

2. C o n v e rs io n  of th e  o rd in a te  s c a le  of F ig u r e  1, f ro m

flo w /u n i t  a r e a  to  n u m b e r of h o le s  p e r  u n it  a r e a  c an  be 

a c c o m p lish e d  a s  fo llo w s:

( i )  A ssu m e  th a t th e  f i l t e r  m e d iu m  c o n s is ts  of a 

s e r i e s  of p a r a l l e l  c i r c u la r  c a p i l la r ie s .

(ii) U sing  P o is e u i l l e 's  law , and  the  e ffe c tiv e  r e ­

m o v a l d ia m e te r s  d e r iv e d  in  the  p re c e d in g  p a r a ­

g ra p h , c a lc u la te  the  n u m b e r of c a p i l la r ie s  c o r ­

re sp o n d in g  to  th e  m e a s u re d  flow  d a ta .



S tep  1 in v o lv es  a s s u m p tio n s  w hich , if  in c o r r e c t ,  co u ld  c a u s e  

the  p o re  d ia m e te r  s c a le  to  sh if t, b u t th e  r e la t iv e  p o s it io n  of 

the  v a r io u s  c u rv e s  w ould  r e m a in  u n ch an g ed . S tep  2 a p p e a rs  

ju s t i f ie d  by Ja c o b s  (5), and is  p ro b a b ly  c o r r e c t  w ith in  a  f a c ­

to r  of fo u r .

T h e  re s u l t in g  d a ta  i s  p lo tte d  fo r  the  l a r g e s t  h o le s ,  w h ich  a c c o u n t

fo r  0. 1% of the  to ta l  flow , in  F ig u r e  3. We se e  th a t  p la s t ic  m e m -

4 2b ra n e  GS 22 h a s  a p p ro x im a te ly  4 x 1 0  h o le s / c m  in  the  . 21 to 

. 22 /um  ra n g e , n e a r ly  z e ro  h o le s  in  th e  . 14 to . 21 ^ m  ra n g e , 

and m o s t  of i ts  h o le s  in  a  n a r r o w  b an d  b e lo w  . lS^um . F ib ro u s  

m e m b ra n e  AR show s a  so m ew h a t s im i la r  d is t r ib u t io n  ra n g e , w ith  

a  s p re a d  a p p ro x im a te ly  0. 0 2 /um  n a r r o w e r  th an  G S22, and  w ith  

ab o u t 90% fe w e r  o p en ings on i t s  h ig h  ra n g e  of , 21 /um. D ouble 

la y e r  of f ib ro u s  m e m b ra n e  AR h a s  a  s t i l l  n a r r o w e r  p o re  s iz e  d i s ­

tr ib u tio n  ra n g e , and  s t i l l  fe w e r  h o le s  n e a r  i t s  to p  l im i t  of 0. 2 m i c r o ­

m e te r s .

A t th is  p o in t, w e tu rn  o u r a tte n tio n  to  s t a t i s t i c a l  c o n s id e ra t io n s  w h ich  in d ic a te  

th a t in  b a c te r io lo g ic a l  f i l t e r s ,  f i r s t  bub b le  p o in t is  n o t a  good c r i t e r io n  fo r  

gaug ing  a b so lu te  re m o v a l. T he to ta l  n u m b e r  of h o le s  in  b o th  m e d ia  is  c o m p u ted  

to  be a t  l e a s t  6 x  10 /c m  (if 0. 1% of the  flow  is  c a r r i e d  by  6 x  10 h o le s ,
n

th en  100% of the  flow  is  c a r r i e d  by  no  l e s s  th a n  1000 x  6 x  10 h o le s ) ,

w h ile  the  n u m b e r of 0. 22 ,um  d ia m e te r  b a c te r i a  c o lle c te d  to  c lo g g in g  is  (by

7 2a c tu a l m e a s u re m e n t)  a b o u t 5 x  10 / c m  . C o n se q u e n tly , th e  p ro b a b il i ty
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of a  s lig h tly  o v e rs iz e  h o le  b e in g  c h a lle n g e d  by  a b a c te r iu m  is  only  ab o u t 

1 in  1000.

We saw  p re v io u s ly  th a t  th e  t ru e  f i r s t  bub b le  p o in t in  0. 2 m ic r o m e te r  e le m e n ts  

is  v e ry  d if f ic u lt  to  d e te c t . We s e e  now , th a t  th e  t ru e  f i r s t  b u b b le  p o in t i s  in  

ad d itio n  n o t a  good m e a s u re  of e le m e n t q u a lity , s in c e  e le m e n ts  w ith  a s ig n i­

f ic a n t n u m b e r  of o v e r s iz e  h o le s  can  s t i l l  p ro v id e  a  h ig h  d e g re e  of a s s u ra n c e  

of long t e r m  a b so lu te  b a c te r ia  re m o v a l. F r o m  th is  w e m a y  co n c lu d e  th a t 

m e a sv ire m e n t of flow  a t a p r e s s u r e  c o rre sp o n d in g  to  a  p o re  d ia m e te r  a t  the  

u p p e r  end of th e  p e r m is s ib le  ra n g e  w ill  y ie ld  m o re  s ig n if ic a n t d a ta  th an  

seek in g  to  m e a s u re  the  l a r g e s t  s in g le  h o le .

I t  is  p o p u la r  to c la s s i fy  f i l t e r s  a s  "d ep th "  a s  opposed  to " s u r f a c e "  ty p e s .

F o r  m an y  y e a r s ,  th e  p la s t ic  m e m b ra n e  ty p es  h av e  b e en  p re s e n te d  in  the  c o m ­

m e r c ia l  l i t e r a tu r e  (6) a s  s u r fa c e  ty p e s , w h ile  th e  P a l l  f ib ro u s  m e m b ra n e s  have  

b e e n  c a lle d  d ep th  ty p e s . T he in fe re n c e  h a s  b e en  th a t  d ep th  ty p e s  h av e  w ide 

p o re  d is tr ib u tio n , and s u r fa c e  ty p es  n a r ro w . We se e  f r o m  F ig u r e  3 th a t in  

fa c t  th e  p la s t ic  m e m b ra n e  ty p e  h a s  th e  w id e r  p o re  s iz e  d is tr ib u tio n ;  th e  AR 

g ra d e  is  s u b s ta n tia l ly  m o re  u n ifo rm  th an  th e  GS22 g ra d e , w ith  re s p e c t iv e  

r e la t iv e  sp an s  of . 135 to  . 21 c o m p a re d  w ith  . 125 to  . 22 ,um. R e a l is t ic a l ly ,  

d is c u s s io n  a s  to  w hich  is  " s u r f a c e "  and  w h ich  is  "d ep th "  type  is  id le ; if  the  

in c id e n t p a r t ic le  is  0. 5 /am  in  d ia m e te r ,  b o th  a r e  s u r fa c e  f i l t e r s ;  if  i t  is  . 05 / im  

d ia m e te r ,  b o th  b eh av e  a s  d ep th  ty p e s .

A  n e a r e r  a p p ro a c h  to  a t r u e  " s u r f a c e "  f i l t e r  i s  the  n u c le a r  ty p e , show n in  

F ig u r e  6, m ad e  by  e tch in g  open in g s  th ro u g h  p o ly c a rb o n a te  r e s in  f ilm ; th is  

ty p e  of e le m e n t h a s  a  w id e r  ra n g e  th an  e i th e r  the  GS22 o r  AR, ex ten d in g  by 

th e  s a m e  c r i t e r i a  f r o m  u n d e r 0. 1 jum to  w e ll o v e r  0 .22  jum, We s e e , th en ,



th a t the  " s u r f a c e  f i l t e r "  h a s  th e  w id e s t p o re  s iz e  ra n g e  of th e  th r e e ,  and  

can  f u r th e r  co n c lu d e  th a t th e re  is  no re la t io n s h ip  b e tw een  p o re  s iz e  d i s ­

tr ib u tio n  on the  one han d , and  w h e th e r  a f i l t e r  is  of th e  so  c a lle d  " s u r f a c e "  

o r  "d ep th "  type on the  o th e r .

We in d ic a te d  e a r l i e r  th a t th e  u n its  of the  a b s c is s a  w e re  d e r iv e d  f ro m  m ic r o ­

b io lo g ic a l c o n s id e ra t io n s . B r ie f ly , th e se  w e re :

L o w er l im i t  of GS22 w as ta k en  to be  0. 13 m ic r o m e te r s ,  on 

the  su p p o s itio n  th a t e ac h  g ra d e  w ill p a s s  p a r t i c le s  1 /2  i t s  r a te d  

a b so lu te  d ia m e te r .  T h is  cou ld  ju s t  a s  w e ll be  tak en  as  . 16 o r 

. 18 m ic r o m e te r s .

U pper l im i t  w as tak en  a s  0. 22 m ic r o m e te r s  b e c a u s e  th is  g ra d e

q u a n tita tiv e ly  re m o v e s  b a c te r ia  of th is  d ia m e te r ;  h o w e v e r, the

s ta t i s t i c a l  c o n s id e ra t io n s  n o ted  above p e r m i t  us to  s t ip u la te  a

2
s m a l l  n u m b e r (e. g. 100 to 1000 o r m o re  p e r  cm  ) of la rg e  h o le s  

to e x is t  in  an e ffe c tiv e  a b so lu te  f i l t e r .  On th is  b a s i s ,  th e  l a r g e s t  

p o re s  in  th e  n o n -n u c le a r  m e m b ra n e s  cou ld  be a s  la rg e  as  1 .5  

m ic r o m e te r s  in  d ia m e te r .

T he p o s s ib le  e x is te n c e  of su ch  w id e r ra n g e s  d oes n o t change  any of the  c o n ­

c lu s io n s , and  w e m ay  s u m m a r iz e  th is  p o r tio n  of the  p a p e r  a s  fo llo w s:

A. I t  can  be  show n s ta t i s t ic a l ly  th a t f i r s t  bubb le  p o in t is  n o t l ik e ly  

to  be a good c r i t e r io n  fo r  ev a lu a tio n  of the  re m o v a l c a p a b ility  

of b a c te r ia l  f i l t e r s .

B. T he p la s t ic  m e m b ra n e s  now on the  m a r k e t  h av e  t r u e  f i r s t  bubb le  

p o in ts  le s s  th an  o n e -fo u r th  of the a d v e r t is e d  v a lu e s ; n e v e r th e le s s ,



th e se  p la s t ic  m e m b ra n e s  of th e  non n u c le a r  type h a v e  b e e n  show n 

to  fu n c tio n  w e ll f o r  re m o v a l  o f b a c te r ia ;  i t  a p p e a r s  th a t  due to  

s t a t i s t i c a l  n a tu re  of the  p r o c e s s  th e  s m a l l  n u m b e r  of la r g e  h o le s  

p r e s e n t  c a u se  z e ro  o r  an  u n d e te c ta b ly  s m a l l  n u m b e r  of f a i lu r e s .

C . T he f ib ro u s  m e m b ra n e s  h av e  n a r r o w e r  p o re  s iz e  d is tr ib u tio n , 

w hen c o m p a re d  w ith  n o n -f ib ro u s  p la s t ic  m e m b ra n e s  and w ith  the  

n u c le a r  type .

T he  d a ta  of F ig u r e s  1 and 3 w as o b ta in ed  u s in g  V a rs o l ,  a  re f in e d  p e tro le u m  

f r a c t io n  hav ing  a s u r fa c e  te n s io n  of 25. 5 d y n e s /c m . W a te r  a s  a w e ttin g  

liq u id  w as found u n s u ita b le  fo r  the  fo llow ing  r e a s o n s :

(a) T he n o n -f ib ro u s  p la s t ic  m e m b ra n e s  co n ta in  a w e ttin g  a g en t, w h ich  

•reduces the  s u r fa c e  te n s io n  to  a s  low  a s  ab o u t 45 d y n e s /c m ; the

d e g re e  of re d u c tio n  of s u r fa c e  te n s io n  i s  v a r ia b le ,  dep en d in g  on 

how  m u ch  h a s  b e e n  w ash ed  th ro u g h , e tc .

(b) C o m p a r is o n s  m a d e  u s in g  w a te r  a r e  n o t v a lid , b e c a u s e  n e i th e r  

f ib ro u s  n o r  p la s t ic  m e m b ra n e s  h av e  z e r o  an g le  of c o n ta c t w ith  

r e s p e c t  to  w a te r .  F u r th e r ,  fo r  b o th  m e d ia  flow  of d is p la c e m e n t 

a i r  is  t im e  d e p en d en t, and  no s ta b le  flow  re a d in g  can  b e  o b ta in ed . 

F o r  e x a m p le , w hen GS22 is  w a te r  w e tted  and  ex p o sed  to  a i r  d i f ­

f e r e n t ia l  p r e s s u r e  of 10 p s i ,  flow  r a te  g ra d u a lly  i n c r e a s e s ,  re a c h in g
2

v a lu e s  in  e x c e s s  of 2000 m l /m in /M  in  one to  two h o u rs ,  a s  show n 

in  F ig u r e  7. By c o n t r a s t  flo w  of a  V a rs o l  w e t m e m b ra n e  is  s ta b le  

w ith  t im e .

ll



TESTING OF PRODUCTION FILTER  ELEM ENTS:

F o r  p ro d u c tio n  f i l t e r  e le m e n t te s t in g  a t  P a l l  C o rp o ra tio n , th e  u s e  of w a te r  

i s  n e a r ly  m a n d a to ry ; fo r  e x a m p le , in  f ie ld  o p e ra tio n  w hen f i l te r in g  aqueous 

f lu id s , the  aq u eo u s  m e d iu m  i t s e l f  m u s t  be  u s e d . S ince the  f ib ro u s  m e m b ra n e s  

co n ta in  no w e ttin g  a g en t, and  s in c e  o u r c o n c e rn  now is  w ith  th e  one type of 

m a te r ia l  (A R -d u a l la y e r )  only, we u s e d  w a te r  to d ev e lo p  the  r e q u ir e d  q u a lity  

c o n tro l  te s t .

T he th e o r e t ic a l  c o n s id e ra t io n s  re v ie w e d  above  in d ic a te d  th a t th e  t e s t  p r e s s u r e  

sh o u ld  be eq u a l to  o r  s lig h tly  above th e  u p p e rm o s t  ra n g e  of re m o v a l  a s  r e ­

c o rd e d  in  F ig u re  1, w h ich  i s  1. 7 p s i  in  V a rs o l .  T ak ing  in to  a c c o u n t th e  r a t io  

of th e  s u r fa c e  te n s io n  of w a te r  to Y a rs o l ,  a  t e s t  p r e s s u r e  of 5. 25 p s i (10. 6"Hg) 

w as s e le c te d . A t th is  p r e s s u r e  flow  is  q u ite  s ta b le , re m a in in g  c o n s ta n t fo r  16 

h o u rs  o r  m o re .

A new  type  of te s t ,  know n as  a  " F o rw a rd  F lo w  B ubble  P o in t"  t e s t ,  o r  m o re  

b r ie f ly  as  a  " F o rw a rd  F low " t e s t  w as d e v e lo p ed . T h is  t e s t  c o n s is ts  of w e ttin g  

th e  e le m e n t w ith  w a te r ,  su b je c tin g  i t  to  a  d i f f e r e n t ia l  a i r  p r e s s u r e  of 10. 6"Hg 

in  th e  norm eil flow  d ire c t io n , and  m e a s u r in g  th e  vo lu m e of a i r  flow . A bout 

10 m in u te s  is  r e q u ir e d  fo r  s ta b le  flow  to be  re a c h e d  a f te r  a i r  p r e s s u r e  is  ap p lied ; 

th e  flow  th en  re m a in s  s ta b le  fo r  16 h o u rs  o r  m o re .

T he f lo w m e te r  u s e d  is  c ap a b le  of m e a s u r in g  a i r  flow s in  the  ra n g e  f ro m  . 04 to
2

15 m l/m in .  A re a  of a s in g le  c a r t r id g e  is  5 s q . f t .  ( .4 6 M  ) h e n ce  flow s a s  low  
2

as  . 08 m l /m in /M  could  be  m e a s u re d .  We found th a t a t  5. 3 p s id  none of the

e le m e n ts  show ed  lo w e r flow s th an  a p p ro x im a te ly  . 3 m l of a i r  p e r  m in u te , o r  
2

.6 5  m l /m in /M  .
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W hen an e le m e n t is  w e tted  by w a te r ,  an aq u eo u s m e m b ra n e  is  fo rm e d  

w hich  h a s  an a r e a  of 5 s q . f t .  , and a  th ic k n e s s  of only  .0 0 6 " . An a n a ly s is  

of the  c a u se  of th is  m in im u m  flow  r a te  in d ic a te d  th a t  th e  o b s e rv e d  vo lu m e 

of flow  cou ld  be  c a u se d  by the d iffu sio n  of a i r  th ro u g h  th e  u n im p a ire d  

m e m b ra n e  of w a te r .  T h is  w as c o n f irm e d  to be the  c a s e  by te s t in g  th e  

s a m e  e le m e n t a t 75 °F  u s in g  a i r  and  CC> 2  a l te rn a te ly .  R a te  of flow  of CC^ 

w as 48 t im e s  th a t w ith  a i r .  T he d iffu s io n  c o e f f ic ie n t of any n o n - r e a c t iv e  

g a s  th ro u g h  m e m b ra n e  is  p ro p o r t io n a l  to  i t s  s o lu b ility , and  the  s o lu b ility  

of CO 2  in  w a te r  a t  75 °F is  48 t im e s  th a t  of a i r ;  th is  c o in c id e n c e  d e m o n ­

s t r a t e s  th a t flow  of so m e  0. 3 m l /m in u te  th ro u g h  th e  5 s q . f t ,  e le m e n t is  

due to  d iffu s io n  of a i r  th ro u g h  the  m e m b ra n e  of w a te r .

C o r re la t io n  b e tw een  th e  fo rw a rd  flow  t e s t  and th e  s im u la te d  b a c te r ia  r e ­

m o v a l s e r v ic e  t e s t  w as a c c o m p lish e d  in  the  fo llow ing  m a n n e r . E le m e n ts  

w e re  s e le c te d  to c o v e r  a  w ide ra n g e  of fo rw a rd  flo w s; th e s e  w e re  te s te d  

by the  fo rw a rd  flow  te s t  and th en  s u b je c te d  to  th e  p re v io u s ly  d e s c r ib e d  

s im u la te d  s e r v ic e  t e s t .  T he r e s u l t s  a r e  show n in  T a b le  I. N ote  th a t  no 

e le m e n t w ith  a  flow  of u n d e r  199 show ed  b a c te r ia  p a s s a g e  in  l e s s  th an  2 

to  3 w eek s of co n tin u o u s  o p e ra tio n . In o r d e r  to p ro v id e  a  f a c to r  of s a fe ty , 

flow  of 100 c c /h o u r  h a s  b e e n  e s ta b l is h e d  a s  th e  m a x im u m  flow  fo r  an  a c ­

c e p ta b le  p ro d u c tio n  e le m e n t. F o r  s h o r te r  t e r m  t e s t s ,  up to  96 h o u r s ,  a 

c o n s id e ra b ly  h ig h e r  s ta n d a rd  cou ld  be  c o n s id e re d .

S ta t is t ic a l ly ,  th e  c o r r e la t io n  b e tw een  g ro w  th ro u g h  r e s u l t s  and fo rw a rd  

flow  b u b b le  p o in t d a ta  i s  97%, w hich  r e p r e s e n t s  a  s u b s ta n t ia l  im p ro v e m e n t 

o v e r  th e  77% o b ta in ed  u s in g  the  f i r s t  b u b b le  p o in t m e th o d .



FIELD TESTING PROCEDURES:

The " fo rw a rd  flow " t e s t  s y s te m  a d ap ts  i t s e l f  v e ry  w e ll to in -p la n t  te s tin g  

by  the  p u r c h a s e r .  Such te s t in g  is  done in  e i th e r  of the  fo llow ing w ays:

A. W here  the  e le m e n t is  re m o v e d  f ro m  s e r v ic e ,  o r  is  to be te s te d  

p r io r  to  s e r v ic e ,  the  a p p a ra tu s  show n in  F ig u re  8 is  u s e d . The 

e le m e n t is  w a te r  w e tted , 10. 6" of Hg v acu u m  ap p lied  fo r  10 o r 

m o re  m in u te s , and the  r e s u lt in g  flow  re a d . A p p a ra tu s  fo r  e v a c u ­

a ting  ten  o r tw en ty  c a r t r id g e s  s im u lta n e o u s ly  is  a v a ila b le .

B. A seco n d  c o n fig u ra tio n , show n in  F ig u re  9, is  a  c o n v en ien tly  a r ­

ra n g e d  a c c u ra te ly  p r e s s u r e  b a la n c e d  p n e u m atic  tro u g h , u sed  fo r  

" in -s itu "  te s t in g  of p r e s te r i l i z e d  f i l t e r  a s s e m b l ie s .  A ir  p r e s s u r e  

(5. 25 p s i) is  ap p lied  fo r  a 10' s ta b i l iz a t io n  p e r io d  to the  in le t  of 

the p re w e tte d  a s s e m b ly , w h ile  the e ff lu e n t a i r  is  d ir e c te d  by a

3 -w ay v a lv e  to b u b b le  th ro u g h  the  liq u id  in  the  tro u g h  to  a tm o s ­

p h e re . The 3 -w ay  v a lve  is  th en  tu rn e d  to d i r e c t  flow  to the c a l i ­

b ra te d  b u re t te  fo r  30" o r  60", and vo lum e of flow  re a d . B ack 

c o n tam in a tio n  can  be p re v e n te d  by u sin g  a lco h o l in  the  tro u g h . 

O TH ER QUALITY CO N TRO L PR O C ED U R ES:

T he AR f i l t e r  m e d iu m  is  v e ry  w e ll b o n d ed , the  vo lum e of r e s in  b in d e r  

being  60% th a t of the  f ib e r  to be bonded . R ep e a ted  shock  h ig h  p r e s s u r e  

d if f e r e n t ia l  flow  te s t s  r e s u l t  in  no r e l e a s e  of so lid s  f ro m  th is  f ib ro u s  m e m ­

b ra n e . R e le a s e  of p a r t i c le s  d o w n s tre a m  of the e lem en t, due to  "b u ilt  in  

d ir t"  is  k e p t to e x tre m e ly  low  le v e ls  by o b se rv in g  c le a n  m a n u fa c tu r in g  p r o ­

c e d u r e s ,  fo llow ed  by a v e ry  h ig h  v e lo c ity  w a te r  flu sh , w h ich  s im u lta n e o u s ly

c*^ r~ r\ r\  n  « f-V, û  r *  n ,f „  ̂ ^  4. ^  _  -T-T^ ~ 1 ________ _ .



t e s t  of i ts  in te g r i ty  a t h ig h  d if f e r e n t ia l  p r e s s u r e .  T h is  is  fo llow ed  by 

the  " fo rw a rd  flow " b u b b le  p o in t te s t ,  d ry in g  and  p a ck a g in g . L e v e ls  of 

d o w n s tre a m  p a r t ic le  r e le a s e  c o m p a re  m o re  th an  fa v o ra b ly  w ith  c o m p a ra b le  

c o m p e titiv e  p la s t ic  m e m b ra n e  ty p es  (8).

O rg a n ic  c o n ta m in a n ts  in  aqu eo u s e fflu en t a r e  n o rm a lly  z e ro  by  the  p o ta s ­

s iu m  p e rm a n g a n a te  te s t .  P r e s s u r e  d ro p  and c le a n l in e s s  a r e  c h ec k e d  on 

an  A Q L b a s is .  E le m e n t can  be  r e p e a te d ly  s te a m  s te r i l i z e d  w ith  no  lo s s  

of c h a r a c te r i s t i c s .
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TABLE I

C o r re la t io n  of P se u d o m o n a s  G ro w  T h ro u g h  T e s ts  w ith  F o r w a rd  F lo w
B ubble  P o in t T e s ts

E le m e n t F o rw a rd  H o u rs  on s t r e a m  a t 1 L /m in . and 2 to  4 x  10
S e r ia l  a i r  flow  P se u d o m o n a s  d im in u ta  p e r  m in u te ___________
N u m b er @ 10"H g, 

w a te r  w et, 
c c /h o u r C logged , 

w ith  z e ro  
g row  
th ro u g h

R em o v ed  
p r io r  to 
c logg ing  
w ith  z e r o  
g ro w  
th ro u g h

R em o v ed  
p r io r  to 
c lo g g in g , 
due to g ro w  
th ro u g h  a t  
tim e  n o ted

F 6 1 6 - 288
HI 05 24 384
J3 27 480
170 • 28 384
PTM 15 39 336
J6 39 576
2389N 62 384
H72 81 480
PT M 14 1 1 1 336
J79 1 1 2 384
PT M 2 1 2 0 336
PTM 11 123 456
H97 125 432
P T M 24 153 456
168 190 336
PT M 20 198 360
98-176 199 1 9 2
153 2 1 0 456
J194 213 360
PTM 21 213 456
PT M 23 2 1 6 338
97-1 225 96
J4 230 480
B49 238 96
90-23 238 312
J23 258 456
J79 2 6 8 648
J75 270 240
167 282 264
97-342 291 144
J -8 4 315 528
98-65 361 96
PT M 4 363 336
J50 400 432
H67 450 504
PT M 8 471 96
98-77 545 1 2 0
97-201 6 0 0 144
B37 645 1 Q9



TABLE I (continued)

C o rre la t io n

E le m e n t
S e r ia l
N u m b er

J52
J68
117
97-222

of P se u d o m o n as  G row  T h ro u g h  T e s ts  w ith  F o rw a rd  F lo w  
B ubble P o in t T e s ts

F  o rw a rd  
a i r  flow  
@ 10"Hg, 

w a te r  w et, 
c c /h o u r

645
650
685
900

H o u rs  on s t r e a m  a t 1 L /m in . and 2 to  4 x  10 
P se u d o m o n a s  d im in u ta  p e r  m in u te___________

C logged , 
w ith  z e ro  
g ro w  
th ro u g h

R em oved  
p r io r  to 
c logg ing  
w ith  z e ro  
g ro w  
th ro u g h

R em oved  
p r io r  to 
c lo g g in g , 
due to g ro w  
th ro u g h  a t 
t im e  n o ted

384
432

480
1
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Fig 2. Flow of aw through wetted capillaries.
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Fig. 4 Scanning electron micrograph of 0.2p. fibrous membrane; 10000X.



Fia 5 Scan,mig électron nucrograph of GS22-0 22 fi n o n -fibrous plastic membrane, 10000X.



*

072573-7A 5.000X. 072573-7B 10.000X.
Fig. 6 Scanning electron micrograph of 0 2p. nuclear type membrane ; IOOOOX.
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Fig. 7 Flow of air through water wetted GS22 membrane at 10 and 40 psid.



Fig. 8 Apparatus for performing the forward flow bubble point test



Fig. 9 Pneumatic trough apparatus for forward flow testing o f in-situ sterilized assemblies.
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