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FILTRATION OF PARTICULATES AND EMULSIONS WITH A PLEATED, THIN CHANNEL, 
CROSS-FLOW MODULE 

G.  B.  Tanny and D .  Hauk 
Gelman Sciences  Corpora t ion  

Ann Arbor ,  Michigan 

ABSTRACT 

The p l e a t e d  t h i n  channel  c r o s s f l o w  module r e p r e s e n t s  a novel  
f l a t  s h e e t  membrane c o n f i g u r a t i o n  combining t h e  modular advantages  
of hol low f i b e r  des ign  w i t h  t h e  hydrodynamics of p l a t e  and frame 
u n i t s  c o n t a i n i n g  t u r b u l e n c e  promoting e lements .  It c o n s i s t s  of 
a c i r c u l a r  a r r a y  of p a r a l l e l  p l e a t e d  t h i n  channels ,  each  of  whose 
i n n e r  w a l l  is a membrane suppor ted  by a porous backing  r e s t i n g  
on a c e n t r a l  product  d r a i n  tube .  The o u t e r  f l e x i b l e  w a l l  i s  
s e p a r a t e d  from t h e  membrane by a t u r b u l e n c e  promoting s p a c e r  and 
s e r v e s  t o  create t h e  f low channel ,  wi thout  f u l f i l l i n g  a d i r e c t  
f i l t r a t i v e  purpose.  

The d e s i g n  a l l o w s  o p e r a t i o n  a t  e l e v a t e d  p a r t i c u l a t e  l e v e l s  
and i s  h i g h l y  s u i t e d  t o  m i c r o f i l t r a t i o n  of s t r a y  matter and 
b a c t e r i a  from aqueous s o l u t i o n s  t o  b e  i n j e c t e d  i n t o  w e l l  heads  fo r  
enhanced o i l  recovery .  Data are  p r e s e n t e d  f o r  0 . 4 5  and 0 .2  pm 
pore  s i z e  membrane modules c o n t a i n i n g  3 . 3  f t 2  of membrane area and 
o p e r a t i n g  on d i s p e r s i o n s  of s t a n d a r d  p a r t i c u l a t e s  of known s i z e  
d i s t r i b u t i o n  (80 pm t o  0.2 pm). E f f e c t s  of f i l t r a t i o n  mode ( i . e . ,  
c o n s t a n t  p r e s s u r e  o r  c o n s t a n t  permeate  r a t e ) ,  and c r o s s f l o w  
v e l o c i t y  were examined a t  p a r t i c u l a t e  c o n c e n t r a t i o n s  from 250 t o  
800 ppm. 

For s e p a r a t i o n  i n v o l v i n g  p a r a f f i n i c  o i l / w a t e r  emuls ions ,  
modules are  e i t h e r  f a b r i c a t e d  w i t h  u l t r a f i l t r a t i o n  (UF) membrane, 
o r  a dynamical ly  formed membrane i s  c r e a t e d  on t h e  microporous 
s u p p o r t .  The l a t t e r  approach w a s  used t o  p u r i f y  w a s t e  t e x t i l e  
scour ing  washwater a t  6OoC, t h e r e b y  r e c o v e r i n g  b o t h  w a t e r  and 
energy.  Waste s c o u r i n g  water,  c o n t a i n i n g  ~ 1 2 0 0  ppm of e m u l s i f i e d  
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318 T A M  AND HAUK 

t o t a l  o r g a n i c  carbon (TOC), 500 ppm of f r e o n  e x t r a c t a b l e  hydro- 
carbon,  and a t u r b i d i t y  of 66 nephalometr ic  t u r b i d i t y  u n i t s  
(NTU) w a s  u l t r a f i l t e r e d  a t  50 t o  60°C w i t h  a dynamical ly  formed 
s i l i c a  membrane a t  an  average  p r e s s u r e  of 17 p s i  and 1 .6  gpm 
c r o s s f l o w  i n  a u n i t  c o n t a i n i n g  1 f t 2  of 0 .2  pm Acropor s u p p o r t .  
The product  f low r a t e  w a s  35 t o  50 gpd and conta ined  400 ppm TOC 
w i t h  125 ppm f r e o n  e x t r a c t a b l e  hydrocarbon and a t u r b i d i t y  of 0.5 
NTU. Yarn samples scoured w i t h  recovered  s c o u r i n g  water showed 
no d i f f e r e n c e  i n  t h e i r  d y e a b i l i t y .  

INTRODUCTION 

In apply ing  membrane s e p a r a t i o n  technology t o  energy r e l a t e d  

problems,  success  o r  f a i l u r e  may depend as  much ( o r  more) on t h e  

method of packaging t h e  membrane a s  on t h e  s e p a r a t i o n  p r o p e r t i e s  

o f  t h e  b a r r i e r  i t s e l f .  For f l a t  s h e e t  membrane, t h e  convent iona l  

d e s i g n s  have been e i t h e r  p l a t e  and frame d e v i c e s  o r  t h e  s p i r a l  

wound module. However, b o t h  t h e s e  c o n f i g u r a t i o n s  s u f f e r  from 

fundamental d i s a d v a n t a g e s ,  e s p e c i a l l y  f o r  o p e r a t i o n  a t  low 

p r e s s u r e s  and w i t h  h i g h  l e v e l s  of  p a r t i c u l a t e s  i n  t h e  f e e d .  

P l a t e  and frame u n i t s ,  i n  a d d i t i o n  t o  l a c k i n g  t h e  advantage 

of a modular, s e a l e d  c o n s t r u c t i o n ,  u s u a l l y  p o s s e s s  long p a t h  

l e n g t h s  f o r  t h e  feeds t ream.  S i n c e  t h i n  channel  systems r e q u i r e  

e l e v a t e d  feed  f low v e l o c i t i e s  t o  overcome c o n c e n t r a t i o n  p o l a r i -  

z a t i o n ,  t h i s  n e c e s s a r i l y  l e a d s  t o  h i g h  t r a n s c h a n n e l  p r e s s u r e  d r o p s  

between t h e  feed e n t r a n c e  and ex i t .  When t u r b u l e n c e  promoting 

s p a c e r s  are  p laced  i n  t h e  channel ,  t h e  u n i t s  r e q u i r e  lower feed 

f low pumping ra tes ,  but  t h e i r  t o l e r a n c e  t o  p a r t i c u l a t e s  i n  t h e  

feed  stream becomes q u i t e  l i m i t e d .  

S p i r a l  wound e lements  do p o s s e s s  t h e  convenience of a sealed 

modular u n i t  and g e n e r a l l y  p o s s e s s  s h o r t e r  feed  f low channels .  

However, t h e  l a r g e r  area d e v i c e s  e s p e c i a l l y  s u f f e r  from t h e  p r e s s u r e  

drop i n c u r r e d  i n  t h e  permeate  compartment, as t h e  s p i r a l  permeate  

p a t h  r e s i s t a n c e  t o  t h e  d r a i n  t u b e  becomes q u i t e  l a r g e .  Furthermore,  

s p i r a l  wound u n i t s  are a l s o  q u i t e  s e n s i t i v e  t o  c logging  by 

p a r t i c u l a t e s  and a re  n o t  recommended f o r  u s e  w i t h  s o l u t i o n s  
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FILTRATION OF PARTICULATES 319 

c o n t a i n i n g  more t h a n  25 ppm of  suspended s o l i d s  o r  a t u r b i d i t y  o f  

>1.0 NTU ( 1 ) .  

A novel  c o n f i g u r a t i o n ,  which a t t e m p t s  t o  improve on t h e  

d i s a d v a n t a g e s  j u s t  c i t e d ,  i s  t h e  p l e a t e d  t h i n  channel  c r o s s f l o w  

module shown i n  F ig .  1. Through t h e  p l e a t i n g  p r o c e s s ,  a 

m u l t i p l i c i t y  of p a r a l l e l  t h i n  f l o w  channels  is formed and ar ranged  

i n  a c i r c u l a r  a r r a y  about  t h e  porous  s u p p o r t  t u b e  E ,  which p r o v i d e s  

Feed 

0 

FIGURE 1. 

Re ie n ta t e 
Exit 

The p l e a t e d  t h i n  channel  c r o s s f l o w  module. A,  porous 
p l e a t e d  suppor t  s c r e e n  meant t o  p r o v i d e  mechanical  
s u p p o r t  under  t h e  a p p l i e d  p r e s s u r e ;  B ,  p l e a t e d  micro- 
porous membrane f i l t r a t i o n  e lement ;  C ,  p l e a t e d  s p a c e r  
which creates t h e  t h i n  f low channel  as w e l l  a s  promoting 
t u r b u l e n t  f low;  D ,  impermeable f i l m  which creates t h e  f low 
channel .  A space  between t h e  ends of  f i l m  D and t h e  
module g l u e  sea ls  i s  l e f t  s o  a s  t o  a l l o w  t h e  e n t r a n c e  and 
e x i t  of t h e  f l u i d  through t h e  f low channel ;  E ,  porous 
i n t e r n a l  s u p p o r t  t u b e  t o  p r o v i d e  a n  exi t  f o r  permeate;  
F,  c l o s e d  end cap  which comple te ly  seals one end o f  t h e  
module; G ,  c l o s e d  end cap which comple te ly  seals  t h e  
o p p o s i t e  end of  t h e  module; H ,  o u t e r  seal  r i n g  which 
creates t h e  seal  between t h e  impermeable f i l m  i n  t h e  
module and t h e  i n t e r i o r  of t h e  housing.  The ends of  
t h e  module are Dotted and s e a l e d  i n  end caps  F and 
G w i t h  a water r e s i s t a n t  a n d / o r  s o l v e n t  res is tant  g l u e .  
The module i s  1 0  i n c h e s  l o n g  and h a s  a membrane area 
of 3 . 3  f t 2 .  
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320 T A ” Y  AND HAUK 

t h e  permeate  compartment d r a i n  and e x i t .  The i n n e r  w a l l  of t h e  

f low channel  i s  formed by t h e  membrane B which i s  suppor ted  by a 

porous s u p p o r t  s c r e e n  A.  The o u t e r  channel  w a l l  D i s  a 

f l e x i b l e  f i l m  which s e r v e s  no d i r e c t  f i l t r a t i v e  purpose .  Its 

presence  s e r v e s  t o  c r e a t e  t h e  f low channel  between i t s e l f ,  t h e  

t u r b u l e n c e  promoting s p a c e r  C,and t h e  membrane w a l l  A.  Unl ike  

e lements  A ,  B ,  C ,  and E ,  t h e  o u t e r  channel  w a l l  D does n o t  ex tend  

i n t o  t h e  p o t t e d  end c a p s ,  F and G. I n s t e a d ,  a s p a c e  of  a7 mm 

e x i s t s  between t h e  end cap F and t h e  f i l m  D t h e r e b y  forming t h e  

e n t r a n c e  t o  t h e  f low channel .  The o u t e r  channel  w a l l  f i l m  D ends  

j u s t  benea th  t h e  sea l  r i n g  H ,  so t h a t  a s p a c e  f o r  r e t e n t a t e  exists 

between H and end cap G .  The s p a c e  i n  t h e  d e p t h  of  t h e  p l e a t  

between a d j a c e n t  p l e a t e d  f low channels  i s  f i l l e d  w i t h  g l u e  b e n e a t h  

t h e  o u t e r  sea l  r i n g  H. S i n c e  t h i s  r i n g  a l s o  creates a n  O-ring 

seal t o  t h e  s t a i n l e s s  s tee l  housing ( F i g .  2 ) ,  f l u i d  e n t e r i n g  t h e  

hous ing  cannot  bypass  t h e  c a r t r i d g e  and must e n t e r  t h e  f low 

channels .  

A most obvious  advantage  of  t h e  p l e a t e d  d e s i g n  i s  t h e  

a t t a i n m e n t  of  a s m a l l  p r e s s u r e  drop between t h e  membrane and t h e  

permeate  d r a i n  t u b e ,  a t  t h e  same t i m e  t h a t  t h e  c r o s s f l o w  channel  

p r e s s u r e  drop i s  main ta ined  e q c a l  t o  t h a t  i n  t h e  s p i r a l  module 

d e s i g n .  However, t h e  f l e x i b l e  o u t e r  channel  w a l l  a l s o  p r o v i d e s  

a d d i t i o n a l  advantages  r e g a r d i n g  ( a )  t h e  u s e  o f  the module on 

s o l u t i o n s  h e a v i l y  loaded  w i t h  p a r t i c u l a t e s  and ( b )  the  c l e a n i n g  

of t h e  module by b a c k f l u s h i n g  from t h e  permeate  t o  t h e  f e e d  

compartment. 

I n  t h e  normal mode of  o p e r a t i o n ,  t h e  space  between channel  

w a l l  D and t h e  hous ing  becomes f i l l e d  w i t h  f l u i d  which i s  p r e s s u r i z e d  

t o  t h a t  of t h e  channel  e n t r a n c e  p r e s s u r e .  S i n c e  some p r e s s u r e  drop  

e x i s t s  a l o n g  t h e  l e n g t h  o f  t h e  f low c h a n n e l ,  the p r e s s u r e  i n  t h e  

space  above D i s  a c t u a l l y  g r e a t e r  t h a n  t h a t  i n  t h e  f low channel  

i t s e l f .  T h i s  p r e s s u r e  d i f f e r e n t i a l  ac t s  t o  seat t h e  f l e x i b l e  

channel  w a l l  D f i r m l y  i n  t h e  p l e a t s  and m a i n t a i n s  t h e  channel  

dimensions as d e f i n e d  by t h e  s p a c e r .  However, a t  t i m e s  when d e b r i s  
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FILTRATION OF PARTICULATES 32 1 

FIGURE 2. Crossf low module and hous ing .  

c l o g s  t h e  s p a c e r  o r  d u r i n g  t h e  b a c k f l u s h  o p e r a t i o n ,  t h e  o u t e r  channel  

w a l l  i s  e f f e c t i v e l y  f r e e  t o  move and t h e r e b y  increase the channel 

h e i g h t .  T h i s  d e s i g n  a l l o w s  t h e  u n i t  t o  handle  p a r t i c u l a t e  l o a d i n g s  

as h i g h  as 2000 ppm, w i t h o u t  i r r e p a r a b l e  c logging  of t h e  f low channel .  
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322 TANNY AND HAUK 

In the work which follows, we shall examine the application of 

the pleated crossflow module to filtration problems involving 

particulates and emulsions. Such problems are an integral part 

of processes for either the increased production of oil supplies, 

e.g., by means of enhanced oil recovery, or the conservation of 

both water and energy by the recycling of large volumes of moderately 

warm industrial wastestreams. 

EXPERIMENTAL 

Filtration of Particulates 

Dispersions of air cleaner (AC) fine test dust (GM Corp., 
ACS Division, Flint, Michigan) in prefiltered tap water were 

used as the standard particulates feed, which was made up to a 

total volume of 520 L in the filtration apparatus depicted in 
Fig. 3 .  Experiments were carried out in two filtration modes, (a) 

constant permeate and retentate flow, and (b) constant filtration 

pressure and retentate flow [the conventional mode for ultra- 

filtration (UF) and reverse osmosis (RO) processes]. 

Prior to the addition of AC dust in the tests at constant 

permeate and retentate flow, the transchannel pressure drop, APc = 

FIGURE 3. Apparatus for filtration of particulates at constant 
flow rate or pressure. A, 500 L SS tank; B, 80 Lpm 
centrifugal pump; C, automatic flow rate controller 
(W. A. Kates Co., IL); D, 0.40 Lpm flowmeter; E, 0 to 
80 Lpm flowmeter; F, crossflow module and housing; 
P1, P2, Pj, pressure gages. 
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FILTRATION OF PARTICULATES 323 

R P1 - P2, w a s  measured as a f u n c t i o n  of  t h e  r e t e n t a t e  f low ra te  Q 

f o r  a c o n s t a n t  permeate ra te ,  Q of Q ~ 2 0  Lpm. P '  
A f t e r  s t o p p i n g  t h e  permeate f low and t h e  a d d i t i o n  of t h e  

r e q u i s i t e  amount of AC d u s t ,  t h e  t o t a l  feed  ra te  Q, w a s  set t o  

an  i n i t i a l  v a l u e  e q u a l  t o  Q, + Q,. 

then  opened t o  t h e  d e s i r e d  r a t e  and measurements of P 

taken  as a f u n c t i o n  of t i m e .  The average  transmembrane p r e s s u r e  

d r o p ,  

The v a l v e  c o n t r o l l i n g  Q w a s  P 

1 , 2 , 3  were 

Pm, was c a l c u l a t e d  a c c o r d i n g  t o  

(P1 + p2> 
- P3. 2 

AP = m 

The tests a t  c o n s t a n t  p r e s s u r e  and r e t e n t a t e  f low w e r e  

i n i t i a t e d  by s e t t i n g  t h e  feed  ra te  Q, and t h e  average  t r a n s -  

membrane p r e s s u r e  a t  approximately t h e i r  d e s i r e d  v a l u e s  w i t h  t h e  

permeate  v a l v e  c l o s e d .  When t h e  permeate va lv ' t  w a s  opened, t h e  

measurement of Q as  a f u n c t i o n  of  t i m e  w a s  begun and ad jus tments  

of v a l v e s  c o n t r o l l i n g  p r e s s u r e  and Q, were made throughout  t h e  run  

t o  main ta in  them as c o n s t a n t  as p o s s i b l e .  

c o n s i d e r a b l e  f r a c t i o n  of QF i n  t h e  i n i t i a l  p e r i o d ,  some v a r i a t i o n  

i n  c o n d i t i o n s  d u r i n g  t h e  f i r s t  t e n  minutes  w a s  unavoidable .  

P 

S ince  Qp can r e p r e s e n t  a 

P a r t i c l e  S i z e  D i s t r i b u t i o n  and Concent ra t ion  Measurements f o r  AC 
F ine  T e s t  Dust 

The p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  one l o t  of AC f i n e  test 

d u s t  has  been c a r r i e d  o u t  by sed imenta t ion  a n a l y s i s  ( 2 ) ,  and is  

reproduced i n  F ig .  4 .  A c a l i b r a t i o n  curve  f o r  p a r t i c u l a t e s  

c o n c e n t r a t i o n  was developed by s u b j e c t i n g  s t a n d a r d  samples t o  20 

min of s o n i c a t i o n  i n  a Bransonic  U l t r a s o n i c  c l e a n i n g  b a t h  and 

measuring t h e i r  t u r b i d i t y  w i t h  a Hach 2100 A t u r b i d i m e t e r .  P l o t s  

of  l o g  t u r b i d i t y  v s  l o g  ppm s t a n d a r d  i n  t h e  range  of 25 t o  100 ppm 

y i e l d e d  s t r a i g h t  l i n e s  whose s l o p e s  were h i g h l y  dependent on t h e  

d i s p e r s i o n  c o n d i t i o n s  u t i l i z e d .  

SiO Dynamically Formed Membranes -2 
Experiments i n v o l v i n g  dynamical ly  formed s i l i c a  membranes 

were c a r r i e d  o u t  on 6-in. l a b o r a t o r y  s i z e  c r o s s f l o w  c a p s u l e s  
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FILTRATION OF PARTICULATES 325 

c o n t a i n i n g  %lo3 cm2 of 0 .2  pm Acropor membrane. 

were f a b r i c a t e d  w i t h  an  i n t e g r a l  p l a s t i c  hous ing ,  bu t  were o t h e r w i s e  

f u n c t i o n a l l y  i d e n t i c a l  t o  t h e  c r o s s f l o w  module and housing of F i g s .  1 

and 2 .  

These modules 

S i n c e  t h e  c l e a n l i n e s s  of t h e  system i s  v e r y  impor tan t  t o  

dynamic membrane format ion ,  an  a l l -po lypropylene  tub ing  and v a l v e  

a p p a r a t u s  was c o n s t r u c t e d  as shown i n  F ig .  5 .  I n  o r d e r  t o  u s e  a 

backwash mode f i r s t  suggested f o r  hol low f i b e r s  ( 3 ) ,  t h e  mani fo ld ing  

i n  t h e  system i s  such t h a t  t h e  feed  and product  can be switched back 

and f o r t h  w i t h  t h e  permeate  v a l v e  c l o s e d .  Only t h e  pump body i s  

s t a i n l e s s  s tee l ,  and t h e  flowmeter i s  g l a s s .  

A 500-ppm s o l u t i o n  of Cab-0-Sil EH-5 s i l i c a  (Cabot Corp.) of 

8 - l i t e r  volume w a s  ob ta ined  by d i l u t i n g  2 l i t e rs  of a 2 g/L 

s o l u t i o n  which had been s o n i c a t e d  f o r  40 min w i t h  a Branson u l t r a -  

s o n i c  b a t h .  The t u r b i d i t y  of t h e  d i l u t e d  feed  was 24 NTU. De- 

ion ized  (DI) water which had been f i l t e r e d  through a 0.2 pm Acroflow 

c a r t r i d g e  w a s  used t o  p r e p a r e  t h e  s o l u t i o n  and f o r  t h e  f i n a l  washout 

of t h e  system. (The q u a l i t y  of t h e  water used,  e s p e c i a l l y  from t h e  

FIGURE 5 .  Apparatus f o r  dynamic membrane format ion  and u l t r a -  
f i l t r a t i o n  of  y a r n  s c o u r i n g  wastewater. A,  10 L t a n k s ;  
B ,  F l o t e c  R-3 pump; C ,  c r o s s f l o w  c a p s u l e ;  D,  f lowmeter ;  
P1, P2,  p r e s s u r e  gages. The system w a s  f a b r i c a t e d  from 

polypropylene f i t t i n g s ,  v a l v e s  and t u b i n g .  
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326 TANNY AND HAUK 

p o i n t  of view of  i t s  microorganism and p a r t i c u l a t e s  c o n t e n t ,  i s  

c r i t i c a l  t o  t h e  r e p r o d u c i b l e  achievement  of  good dynamica l ly  

formed membranes). 

With t h e  f e e d  e n t r a n c e  and e x i t  i n  t h e  normal mode, t h e  

format ion  was c a r r i e d  o u t  a t  %25"C, a n  a v e r a g e  p r e s s u r e  o f  1 

atmosphere and a r e t e n t a t e  f l o w r a t e  of  6 . 3  L/min f o r  a p e r i o d  of  

30 min. During t h e  format ion  p e r i o d ,  permeate  f low r a t e  and f e e d  

and permeate  t u r b i d i t y  w e r e  moni tored .  The s i l i c a  f e e d  was then  

f l u s h e d  from t h e  system w i t h  D I  water and r e p l a c e d  by t h e  y a r n  

s c o u r i n g  f e e d .  

A Beckman 915A T o t a l  Organic  Carbon (TOC) Analyzer  was used 

t o  de te rmine  t h e  TOC o f  feed  and p r o d u c t  samples. E x t r a c t a b l e s  

were measured by e x t r a c t i n g  a 1-l i ter  a c i d i f i e d  sample w i t h  t h r e e  

%30 m l  samples  of  f r e o n  FT, d i s t i l l i n g  o f f  t h e  f r e o n  and weighing 

t h e  r e s i d u e .  Suspended s o l i d s  ( f e e d )  w e r e  measured by weight  

i n c r e a s e  a f t e r  h o t  f i l t r a t i o n  through a 0.45 pm membrane, w h i l e  

t o t a l  s o l i d s  w e r e  determined by d r y i n g  a t  100°C t o  c o n s t a n t  weight .  

RESULTS AND DISCUSSION 

Enhanced O i l  Recovery and F i l t r a t i o n  of  P a r t i c u l a t e s  

Enhanced o i l  recovery  by v a r i o u s  water  f l o o d i n g  t e c h n i q u e s  

r e q u i r e s  t h e  s u b s u r f a c e  i n j e c t i o n  o f  aqueous s u l u t i o n s  i n t o  o i l -  

b e a r i n g  g e o l o g i c a l  format ions .  Tn t h e i r  f i l t r a t i o n  p r o p e r t i e s ,  

t h e s e  porous formation-;  resemble expens ive  d e p t h  f i l t e r s ,  which can  

be i r r e p a r a b l y  damaged i f  c logged by c o l l o i d a l  p a r t i c l e s  and 

b a c t e r i a  ( 4 ) .  Curren t  t r e a t m e n t  p r a c t i c e  u s u a l l y  i n v o i v e s  

c o n v e n t i o n a l  w a t e 7  t r e a t m e n t  t e c h n i q u e s ,  s imply  because  t h e  t y p e s  

of membrane f i l t e r s  commercial ly  a v a i l a b l e  a t  p r e s e n t  have t o o  

l i m i t e d  I l i f e t i m e  and ark= t h e r e f o r e  v e r y  c o s t l y .  

O n  t h e  o t h e r  hand,  t h e  c r o s s f l o w  module o p e r a t e s  a t  q u i t e  

?ow p r e s s u r e s ,  and would he  expec ted  t o  p o s s e s s  a n  extended l ize-  

t i m e  s i n c e  it c a n  b e  backf lushed .  Thus i t  may be  s u i t a b l e  f o r  

s i m p l i f y i n g  t h e  t r e a t m e n t  of  s o l u t i o n s  meant f o r  s u b s u r f a c e  i n j e c t i o n .  

I n  earlier- work (5) ,  c r o s s f l o w  modules c o n t a i n i n g  5 pm and 1 .2  u m  
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FILTRATION OF PARTICULATES 32 7 

pore  s i z e  lnembranes were used t o  s e p a r a t e  s c l e r o g l u c a n  o r g a n i s m  

from f e r m e n t a t i o n  b r o t h  t o  be d i l u t e d  and s u b s u r f a c e  i n j e c t e d  as a 

v i s c o s i t y  c o n t r o l  a g e n t .  I n  t u r n i n g  o u r  a t t e n t i o n  toward t h e  

t rea tment  of l a r g e  volume i n j e c t i o n  streams, w e  chose AC f i n e  tes t  

d u s t  as t h e  s t a n d a r d  p a r t i c u l a t e  contaminant  f o r  our  t es t  purposes .  

A s  F ig .  4 i n d i c a t e s ,  t h e  d i s t r i b u t i o n  of  p a r t i c l e  s i z e s  i s  q u i t e  

broad and ranges  from 80 u m  down t o  0.2 um.  

S ince  t h e  enhanced recovery  p r o c e s s  r e q u i r e s  a c o n s t a n t  

f l u i d  pumping rate,  t h e  f i r s t  f i l t r a t i o n  mode examined w a s  t h e  

c o n s t a n t  permeate c o n d i t i o n ,  i l l u s t r a t e d  i n  Fig.  6 .  T h i s  type  of 

arrangement ,  w h i l e  common f o r  convent iona l  c a r t r i d g e  f i l t e r s ,  i s  

a l i t t l e  unusual  f o r  a t a n g e n t i a l  f low system. T y p i c a l l y ,  u l t r a -  

f i l t r a t i o n  and r e v e r s e  osmosis o p e r a t e  i n  t h e  c o n s t a n t  p r e s s u r e  

mode ( a l so  i l l u s t r a t e d  i n  F ig .  6 ) .  However, t h e  c o n s t a n t  permeate  

mode is  probably more s u i t a b l e  f o r  t h e  m i c r o f i l t r a t i o n  s i t u a t i o n ,  i n  

which t h e  membrane r e s i s t a n c e  is f a r  less t h a n  t h a t  of t h e  boundary 

l a y e r  which forms from r e t a i n e d  p a r t i c u l a t e s .  I f  cake f i l t r a t i o n  

i s  dominant ( i . e . ,  p a r t i c l e s  are  r e t a i n e d  as a b u i l t - u p  cake  on 

I Constant Flow of Permeate 

OF =OR +Qp$T&, 
Conditions: Q, ; 0, fixed 

& Qp' (theoretical) 

2. Constant Feed Pressure 

PI 

I 
QP 

Conditions: ; Q, fixed 

Q ,  = f ( t ime)  
(P ,  Jr PZ) AP, = - 

2 

FIGURE 6 .  Two modes of f i l t r a t i o n  module o p e r a t i o n .  Mode 1, 
c o n s t a n t  f low of  permeate; mode 2 ,  c o n s t a n t  f e e d  
p r e s s u r e .  
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328 TANNY AND HAUK 

t h e  s u r f a c e ,  as opposed t o  i n t e r n a l  c logging  of t h e  p o r e s ) ,  t h e n  

t h e  average transmembrane p r e s s u r e  drop  APm should  i n c r e a s e  w i t h  

t i m e  accord ing  t o  t h e  e q u a t i o n  (6 )  

where Kc i s  t h e  cake f i l t r a t i o n  c o n s t a n t ,  which is  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  p a r t i c u l a t e s  c o n c e n t r a t i o n ,  and AP ( 0 )  is 

t h e  p r e s s u r e  drop a t  t i m e  t = 0. 
M 

For t h e  p r e s e n t  purposes ,  E q .  ( 2 )  i s  a t  b e s t  on ly  a p p l i c a b l e  

t o  t h e  e a r l y  s t a g e s  of f i l t r a t i o n ,  s i n c e  i t  w a s  d e r i v e d  f o r  

c l a s s i c a l  "dead-ended" f i l t r a t i o n ,  w i t h o u t  t a n g e n t i a l  f low which 

t e n d s  t o  l i m i t  cake growth. 

A s  shown i n  F i g .  7 ,  t h e  f i l t r a t i o n  behavior  w i t h  0.45 pm 

membrane c r o s s f l o w  modules does appear  t o  f o l l o w  E q .  ( 2 )  i n  t h e  

e a r l y  s t a g e s .  

c l e a r l y  approaching an  asymptot ic  v a l u e .  When t h e  i n i t i a l  ra te  of 

p r e s s u r e  i n c r e a s e  is  p l o t t e d  on a log- log  b a s i s  v e r s u s  t h e  permeate 

flow rate (Fig .  S ) ,  one o b t a i n s  a s t r a i g h t  l i n e  w i t h  a s l o p e  of 1 .3 ,  

However, t h e  d a t a  f o r  a permeat ion rate of 5 gpm a r e  

FIGURE 7. 

TIME ( m i n . )  

F i l t r a t i o n  mode 1: transmembrane p r e s s u r e  drop v s  t i m e .  
Permeate f low rates:  - 10 gpm; 0 - 7 gpm; 0- 5 gpm. 
Membrane pore  s i z e  0.45 pm; Q, = 4 gpm; 250 gpm AC f i n e  
t e s t  d u s t .  
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FIGURE 8 .  

- i2P{ 
5 
a I 

I 
4 6 8 10 

Permeate Flow Rate (gpm)  

I n i t i a l  ra te  of change of  transmembrane 
permeate f low ra te .  

p r e s  s u r e  v s  

and not  t h e  s l o p e  of 2 . 0  a n t i c i p a t e d  from E q .  ( 2 ) .  The dependence 

on Qh i n  Eq. ( 2 )  is  t h e  r e s u l t  of a n  assumption i n  convent iona l  

cake f i l t r a t i o n  t h a t  t h e  s o l i d s  c o n t e n t  of t h e  growing cake boundary 

l a y e r  p e r  u n i t  t i m e  i s  s imply g iven  by t h e  b u l k  s o l i d s  c o n c e n t r a t i o n  

m u l t i p l i e d  by t h e  permeate f low ra te  p e r  u n i t  a r e a .  However, i n  

t h e  presence  of t u r b u l e n t  c r o s s f l o w ,  one can no l o n g e r  make such an  

assumption,  s i n c e  t h e  s t i r r i n g  would be expected t o  e i t h e r  remove 

some of t h e  s o l i d s  d e p o s i t e d  o r  p r e v e n t  t h e i r  d e p o s i t i o n .  The 

reduced s l o p e  of t h e  d a t a  p r e s e n t e d  i n  F ig .  8 i s  a t  least  

q u a l i t a t i v e l y  i n  agreement w i t h  such  e x p e c t a t i o n s .  

The i n i t i a l  rate of i n c r e a s e  of  t h e  transmembrane p r e s s u r e  

i s  shown p l o t t e d  a g a i n s t  t h e  r e t e n t a t e  f l o w r a t e  Q, ( a t  a c o n s t a n t  

permeate f low r a t e )  i n  F i g .  9. A s  a n t i c i p a t e d ,  i n c r e a s i n g  t h e  

r e t e n t a t e  f low rate  improves t h e  mixing and d e c r e a s e s  t h e  r a t e  

of  cake growth, a f a c t  which i s  r e f l e c t e d  i n  t h e  reduced ra te  of  

i n c r e a s e  of t h e  transmembrane p r e s s u r e .  Under c o n d i t i o n s  of a low 

suspended s o l i d s  c o n c e n t r a t i o n  and a recovery  r a t i o  of Q / Q  = 0.67, 

one observes  t h a t  (AP / t )  i s  p r o p o r t i o n a l  t o  Q i ' 2 5 .  Such a r e l a t i o n  

i s  v e r y  i n t e r e s t i n g ,  because  it h a s  been found ( 7 )  f o r  c o n d i t i o n s  

of  c o n s t a n t  p r e s s u r e  i n  a laminar  f low channel  t h a t  Q ( t )  is  

p r o p o r t i o n a l  t o  Q, 0 * 3 - 0 ' 4 .  

a t  t h e  h i g h e r  s o l i d s  c o n c e n t r a t i o n ,  bu t  lower recovery  r a t i o  of 

P F  

m 

P 
On t h e  o t h e r  hand, t h e  two d a t a  p o i n t s  
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330 TANNY AND HAUK 

Slope =-0.25 

u) 
n 
- 2  

' I  2 4 6 8  
Crossflow Channel Flow Rate (gpm) 

FIGURE 9 .  I n i t i a l  ra te  o f  change of transmembrane p r e s s u r e  vs 
c r o s s f l o w  channel  f low ra te .  
10  gpm; 250 ppm AC f i n e  t e s t  d u s t ; O ,  Q, = 5 gpm, 
1000 ppm AC f i n e  test  d u s t .  

C o n d i t i o n s : m  , Qp = 

Q f Q  

which one would a n t i c i p a t e  f o r  t u r b u l e n t  f low c o n d i t i o n s  ( 8 ) .  

= 0.3, s u g g e s t  t h e  much s t r o n g e r  dependence of  0 .8  t o  0.9 P F  

To examine t h e  behavior  of  t h e  c r o s s f l o w  modules i n  t h e  

c o n s t a n t  p r e s s u r e  mode of o p e r a t i o n ,  0.2 pm and 0.45 pm membrane 

modules were t e s t e d  a t  i n i t i a l  feed  p a r t i c u l a t e  c o n c e n t r a t i o n s  of 

750 t o  800 ppm a t  a p r e s s u r e  of s 3  a t m  and a r e t e n t a t e  f l o w r a t e  of 

5 gpm. A s  shown by t h e  d a t a  p r e s e n t e d  i n  F i g .  1 0 ,  t h e r e  i s  almost  

no d i f f e r e n c e  between t h e  0.2 pm and 0.45 Um pore  s i z e  membrane 

modules. I n  t h i s  experiment t h e  amount of p a r t i c u l a t e s  r e t a i n e d  on 

t h e  membrane s u r f a c e  w a s  measured by t h e  weight  i n c r e a s e  of t h e  

c a r t r i d g e s ,  which w a s  158 g and 136 g f o r  t h e  0.2 pm and 0.45 pm 

modules, r e s p e c t i v e l y .  Div id ing  by t h e  membrane area and assuming 

a cake p o r o s i t y  of a t  least  5 0 % ,  one c a l c u l a t e s  t h a t  t h e  cake t h i c k n e s s  

w a s  t h e  o r d e r  of 500 pm, which i s  v e r y  l a r g e  compared t o  t h e  650 u m  
t h i c k n e s s  of t h e  s p a c e r .  S i n c e  t h e  c r o s s f l o w  channels  were n o t  

c logged,  n o r  t h e  p r e s s u r e  drops  e x c e s s i v e l y  l a r g e ,  t h i s  demonst ra tes  

t h e  u t i l i t y  of t h e  f l e x i b l e  channel  w a l l  which a p p a r e n t l y  a d j u s t e d  

i t s  h e i g h t  as  t h e  cake t h i c k n e s s  i n c r e a s e d .  
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0 20 40 60 

TIME (min ) 

3 

FIGURE 10. F i l t r a t i o n  mode 2: permeate f l o w  rate a s  a func t ion  
of time f o r  0- 0.45 Um andkb 0.2 um pore s i z e  
membranes a t  44 
AC f i n e  t e s t  dus t  concent ra t ion :  800 ppm i n i t i a l ,  
500 ppm a f t e r  7 0  min. 

2 p s i  p re s su re  and Q, = 5 gpm. 

With regard t o  t h e  q u a l i t y  of t h e  permeate from a l l  t h e  

experiments,  t he  t u r b i d i t y  was c o n s i s t e n t l y  b e t t e r  than  0.3 NTU 

and o f t e n  less than  0.1 NTU. Thus, i n  p r i n c i p l e ,  t h e  a p p l i c a t i o n  

of p l ea t ed  crossflow m i c r o f i l t r a t i o n  u n i t s  t o  f i l t r a t i o n  f o r  

enhanced o i l  recovery seems poss ib l e .  However, only f i e l d  t r ia l s  

wi th  systems designed s p e c i f i c a l l y  f o r  t h e  f i l t r a t i o n  w i l l  

determine whether o r  no t  they  w i l l  i n  f a c t  be u t i l i z e d .  

U l t r a f i l t r a t i o n  of Yarn Scouring Water E f f luen t  

A s  o f t e n  happens, t h e  p r i n c i p l e s  of water conserva t ion  and 

p o l l u t i o n  c o n t r o l  are a l s o  c o n s i s t e n t  w i th  energy conserva t ion .  

Yarn scour ing  water e f f l u e n t ,  generated i n  t h e  t e x t i l e  t rea tment  
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332 TANNY AND HAUK 

p r o c e s s ,  is a n  o i l / w a t e r  emulsion c o n t a i n i n g  a d d i t i o n a l  non- 

e m u l s i f i e d  f r e e  o i l ,  a t  a tempera ture  of 50 t o  60°C. Due t o  i t s  

r e l a t i v e l y  low tempera ture ,  h e a t  exchangers  p r o v i d e  l i t t l e  g a i n ,  

and a t  one p a r t i c u l a r  p l a n t  t h e  s t ream i s  simply d i s c h a r g e d  t o  a 

pond. However, i f  t h e  water were u l t r a f i l t e r e d  and r e c y c l e d ,  t h e  

economics w i t h  r e s p e c t  t o  t h e  c o s t  o f  t h e  energy saved becomes q u i t e  

impress ive ,  due t o  t h e  l a r g e  volumes of  l i q u i d  involved .  

Furthermore,  s i n c e  t h e  p a r a f f i n  s p i n n i n g  l u b r i c a n t  (removed from 

t h e  yarn  by t h e  s c o u r i n g  p r o c e s s )  congea ls  i n t o  a waxy material  

a t  tempera tures  below 4 5 " C ,  a l a r g e  f r a c t i o n  of  t h e  c o n c e n t r a t e d  

emulsion r e t e n t a t e  could b e  s e p a r a t e d  t o  y i e l d  a reasonably  good 

f u e l  . 
E a r l i e r  r e p o r t s  ( 9 ,  10) of s c o u r i n g  water u l t r a f i l t r a t i o n  

involved t h e  use of c o n v e n t i o n a l  asymmetric UF membranes. However, 

s i n c e  t h e  major problem encountered involved  f l u x  d e c l i n e  due t o  

membrane f o u l i n g ,  we chose  t o  examine t h e  dynamical ly  formed membrane 

approach.  Dynamically formed membranes a r e  c r e a t e d  by t h e  i n  s i t u  

f i l t r a t i o n  of  c o l l o i d a l  o r  polymeric  s p e c i e s  which form s e l e c t i v e  

secondary l a y e r s  on v a r i o u s  t y p e s  of s u p p o r t s ,  depending on t h e  

" c l a s s "  of  dynamic membrane (11). 

be found i n  a r e c e n t  review (11) and i t s  a s s o c i a t e d  r e f e r e n c e s . )  

(A more d e t a i l e d  d e s c r i p t i o n  may 

It h a s  r e c e n t l y  been observed ( 1 2 )  t h a t  c o l l o i d a l  s i l i c a  

p a r t i c l e s  70 t o  100 2 i n  d i a m e t e r  form, upon f i l t r a t i o n  through 

0.2 pm microporous s u p p o r t s ,  a "Class 11" dynamic membrane. 

found t o  be an e x c e l l e n t  u l t r a f i l t e r  f o r  c o n c e n t r a t i n g  o i l / w a t e r  

emulsions used i n  m e t a l  c u t t i n g  and g r i n d i n g  o p e r a t i o n s .  

t h i s  p r o c e s s  w a s  s u c c e s s f u l l y  c a r r i e d  o u t  a t  room tempera ture  i n  

p l e a t e d  c r o s s f l o w  modules ( 1 2 ) ,  i t  seemed l i k e l y  t h a t  t h e  same 

system might a l s o  h a n d l e  t h e  h i g h e r  tempera ture  y a r n  s c o u r i n g  

e f f l u e n t  emulsion.  

This  w a s  

S i n c e  

I n  Table  1 t h e  p r o g r e s s  of t h e  S i 0 2  dynamic membrane format ion  

i s  recorded f o r  a p l e a t e d  c r o s s f l o w  module c o n t a i n i n g  0.1 m2 of  

0 .2  urn pore  s i z e  membrane. The amount o f  s i l i c a  removed from t h e  

feed  by the d e p o s i t i o n  p r o c e s s  i s  r e p r e s e n t e d  by the s m a l l  d rop  i n  
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FILTRATION OF PARTICULATES 

TABLE 1 

333 

Dynamic Formation of a n  SiO 
Crossf low Module. 
f l o w r a t e  = 6.3  L/min; SiO2 c o n c e n t r a t i o n  - 500 mg/L). 

U l t r a f i l t r a t i o n  Membrane i n  a P l e a s t e d  
(Module i rea  - 0 . 1  m2; p r e s s u r e  - 1 a t m ;  r e t e n t a t e  

T i m e  (min) Flow rate (cc/min)  T u r b i d i t y  (NTU) 
Feed Product  

2 
3.5 
5 

10 
15  
20 
25 
30 

600.0 
571.4 
545.4 
500.0 
461.5 
461.5 
444.4 
421.0 

24.0 

23.0 
22.5 
22.5 
22.5 
22.5 
22.5 

- 0.37 

0.4 
0 .4  
0.23 
0.25 
0.25 
0.15 

- 

t h e  feed  t u r b i d i t y  from 24.5 NTU t o  22.5 NTU which, by c a l c u l a t i o n ,  

r e p r e s e n t s  4 mg/cmL of  S i02 .  

g/cm3 f o r  s i l i ca  and t h e  f a c t  t h a t  such l a y e r s  u s u a l l y  have a 

p o r o s i t y  of  0.7 t o  0.8, w e  estimate t h a t  t h e  dynamic membrane 

t h i c k n e s s  i s  40 t o  50 u m ,  which would conform roughly  t o  p r e v i o u s  

o b s e r v a t i o n s  w i t h  hydrous Zr(1V)-oxide (13) .  It i s  a l s o  

i n t e r e s t i n g  t o  n o t e  t h a t ,  a l though t h e  membrane f l u x  c o n t i n u e s  

t o  d e c l i n e  a f te r  t h e  10-min mark, t h e  f e e d  t u r b i d i t y  remains 

c o n s t a n t ,  i n d i c a t i n g  t h a t  no s i l i c a  i s  be ing  removed. I n  a d d i t i o n ,  

t h e  drop i n  permeate f l o w r a t e  i s  matched by i n c r e a s e d  s i l i c a  

r e t e n t i o n ,  as shown by t h e  d e c r e a s e  i n  t h e  product  t u r b i d i t y  

(Table  1 ) .  Thus we  may conclude t h a t ,  a f t e r  t h e  f i r s t  10  min, t h e  

f l u x  d e c l i n e  r e p r e s e n t s  cake c o n s o l i d a t i o n  and a d e c r e a s e  i n  

t h e  e f f e c t i v e  pore  s i z e  of t h e  dynamic membrane. 

U t i l i z i n g  t h e  known d e n s i t y  of 2.39 

The d a t a  p r e s e n t e d  i n  F ig .  11 and Table  2 summarize t h e  

r e s u l t s  of u l t r a f i l t e r i n g  t h e  yarn  scour ing  water w i t h  t h e  module 

c o n t a i n i n g  t h e  s i l i c a  dynamic membrane. Although t h e  TOC c o n t e n t  

of t h e  permeate  remains c o n s t a n t  throughout  t h e  experiment ,  t h e  

permeate  f l o w r a t e  shows a n  i n t e r e s t i n g  behavior  as a f u n c t i o n  of 

t i m e  and tempera ture .  I n  t h e  f i r s t  t e n  h r  p e r i o d  a t  5OoC, s e v e r e  
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FIGURE 11. Ultrafiltration rate as a. function of time for an Si02 
dynamic membrane tested with yarn scouring water. 
Pressure - 15 psi; Q, = 1.6 gpm; module contains 1 ft2 
area, 0.2 pm membrane. 

TABLE 2 

Composition of Feed and Permeat in Yarn Scouring Effluent Recovery 
with a Dynamically Formed Si02 Membrane 

Effluent Feed Permeate 

Total solids (ppm) 2640 
Suspended solids (ppm) 640 

Total extractables (ppm) 5 00 
PH 8.9 
Conductivity, millimho at 60°C 3.72 

Total organic carbon (ppm) 1200 

Turbidity (NTU) 66-72 

1650 
0 

400 
125 
8.9 
3.70 
0.5 
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FILTRATION OF PARTICULATES 335 

f l u x  d e c l i n e  i s  s e e n  t o  occur  and t h e  s t e e p  s l o p e  s u g g e s t s  t h a t  

f u r t h e r  d e c l i n e  would b e  e v i d e n t  had t h e  c o n d i t i o n s  remained t h e  

same. I n  t h e  second 10-hr p e r i o d ,  t h e  tempera ture  w a s  r a i s e d  t o  

54"C, a change which n o t  o n l y  r a i s e d  t h e  f l o w r a t e  by 15% b u t  a l s o  

s t a b i l i z e d  i t s  performance w i t h  t i m e .  I n  t h e  t h i r d  p a r t  of t h e  

exper iment ,  t h e  tempera ture  w a s  r a i s e d  t o  60°C and t h e  

c o n c e n t r a t i o n  of t h e  feed  w a s  r a i s e d  p e r i o d i c a l l y  by removing 

s e v e r a l  l i t e r s  of  permeate  and a l l o w i n g  t h e  system t o  come t o  a 

s t e a d y  state f l u x  over  a 2-hr p e r i o d .  These d a t a  are shown i n  

F ig .  1 2 ,  and i t  may be  seen  t h a t  a t  lowes t  t h e  feed  c o n c e n t r a t i o n  

(cor responding  t o  t h a t  i n  Fig.  lo), r a i s i n g  t h e  tempera ture  from 

54OC t o  6OoC h a s  caused t h e  permeate  f l o w r a t e  t o  i n c r e a s e  from 35 

gfd  t o  49 gfd .  Nonethe less ,  t h e  TOC o f  t h e  permeate  remained 

c o n s t a n t  a t  i ts  ear l ier  v a l u e  o f  450 t o  460 ppm, d e s p i t e  a more 

t h a n  t h r e e - f o l d  c o n c e n t r a t i o n  i n c r e a s e  i n  t h e  f e e d .  

I n  ear l ie r  s t u d i e s  (10,14) on o i l  emulsions,  t h e  t e m p e r a t u r e  

dependence of t h e  u l t r a f i l t r a t i o n  f l u x  h a s  demonstrated Arrhenius  

a 
4n ( feedTOC) 

FIGURE 1 2 .  U l t r a f i l t r a t i o n  of  y a r n  s c o u r i n g  water by a dynamical ly  
formed SiO membrane: dependence of  s t e a d y  s t a t e  
permeate f l o w r a t e  on TOC c o n c e n t r a t i o n  of  t h e  y a r n  
s c o u r i n g  water f e e d .  U l t r a f i l t r a t i o n  c o n d i t i o n s :  
P r e s s u r e  - 1 7  p s i g ;  Q = 2 gpm f o r  1 f t 2  membrane 
module; T = 6OoC. R 
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336 TANNY AND HAUK 

behavior  w i t h  an a c t i v a t i o n  energy of  2 t o  6 kca l /mole .  Thus, 

t h e  r a p i d  i n c r e a s e  i n  f l u x  between 55 t o  6OoC must i n v o l v e  a n  

a d d i t i o n a l  phenomenon. 

t h e  o i l  emulsion i s  t o o  n e a r  i t s  phase s e p a r a t i o n  p o i n t .  I t  

t h e r e f o r e  becomes u n s t a b l e  n e a r  t h e  membrane boundary due t o  

c o n c e n t r a t i o n  p o l a r i z a t i o n a n d  s lowly  b e g i n s  t o  d e p o s i t  some 

semi-sol id  p a r a f f i n  on t h e  membrane s u r f a c e .  

t h a t  g r o s s  phase s e p a r a t i o n  o c c u r s  below %45"C). A s  the tempera ture  

i s  i n c r e a s e d ,  t h e  o i l  emulsion d r o p l e t s  n o t  o n l y  back d i f f u s e  

f a s t e r  b u t  a l s o  a c h i e v e  s t a b i l i t y ,  so t h a t  d e p o s i t i o n  l a y e r s  are 

avoided,  thereby  enhancing t h e  f l o w r a t e .  

One p o s s i b l e  e x p l a n a t i o n  i s  t h a t  a t  50°C 

( I t  w i l l  b e  r e c a l l e d  

S ince  t h e  permeate  had a v e r y  low t u r b i d i t y  (Table  2 ) ,  most of 

i t s  TOC may be assumed t o  a r i s e  from o r g a n i c  s u r f a c t a n t s  used t o  

a i d  t h e  s c o u r i n g  p r o c e s s .  For t h i s  reason ,  t h e y  would n o t  be  

expected t o  i n t e r f e r e  (and would l i k e l y  a i d )  t h e  re -use  o f  permeate  

i n  t h e  s c o u r i n g  p r o c e s s .  Scour ing  tes ts  i n  s m a l l  k e t t l e s  

c o n t a i n i n g  15 L o f  permeate  appear  t o  conf i rm t h i s  e x p e c t a t i o n ,  a t  

least f o r  t h o s e  y a r n s  and dyes t e s t e d  t o  d a t e .  

CONCLUSIONS 

The p l e a t e d  t h i n  channel  c r o s s f l o w  module h a s  t h e  a b i l i t y  t o  

f u n c t i o n  on s o l u t i o n s  contaminated w i t h  up t o  800 ppm of p a r t i c u l a t e s ,  

which i s  a f a c t o r  o f  30 l a r g e r  t h a n  t h a t  p o s s i b l e  w i t h  t h e  s p i r a l  

wound des ign .  

Due t o  t h e  low p r e s s u r e  drop i n  t h e  permeate  compartment, t h e  

p l e a t e d  c r o s s f l o w  module i s  e s p e c i a l l y  s u i t a b l e  f o r  m i c r o f i l t r a t i o n  

and can be  o p e r a t e d  i n  t h e  c o n s t a n t  permeate  f low r a t e  mode f o r  

t h i s  purpose.  

Modules c o n t a i n i n g  dynamica l ly  formed s i l i c a  u l t r a f i l t r a t i o n  

membranes can  be  c r e a t e d  on microporous s u p p o r t s  i n  t h e  p l e a t e d  

c r o s s f l o w  c o n f i g u r a t i o n .  Such modules c a n  b e  used f o r  t h e  u l t r a -  

f i l t r a t i v e  recovery  of ho t  water f o r  re-use i n  y a r n  s c o u r i n g  

processes ,  t h e r e b y  c o n t r i b u t i n g  t o  a s a v i n g  o f  bo th  water and energy.  
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