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ABSTRACT 

Micellar-enhanced ultrafiltration (MEW) is 
used to remove 4-m-butylphenol (TBP) from 
aqueous solution, a separation for which 
traditional ultrafiltration is ineffective. A 
micelle-forming eurfactant is added to the 
solution. The micelleo solubilize a high 
.Fraction of the TBP. The stream is then 
f or-ced through an ul traf i 1 ter. Overall 
rejection of TBP was greater than 99% undor 
all conditions studied and did not docrease 
with increasing pressure drop. Micallers werm 
completely rejected by membranes with pore 
si zc 10 000 Dalton MWCO and bolow. 
Concentration polarization affects MEUF fluxes 
under conditions of i n t ercst. B o l  
polarization theory does not completely 
explain MELlF + l u x  behavior. Smlectfon of 
optimum operating parameters in MEUF 
application ara discussed. 
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764 DUNN, SCAMEHORN, AND CHRISTIAN 

Wastewater streams c o n t a i n i n g  d i sso l ved  organics 
a re  a cnmman problem i n  t.he chemical, patrolcLim, 
synfuels ,  and other  i n d u s t r i e s .  These o rgan ics  a r e  
mften tcrxic and must be removed brafore t h e  water Can bar 
dischar-ged t o  t h e  environment o r  reused i n  t h e  process. 
Ordinary u l t r a f i l t r a t i o n  i s  i n e f f e c t i v e  i n  t h e  Iramoval 
o f  organic  c:ompounds w i t h  molecular weights below 300 
Dal tons (1). Alkylphenal!s art? an w r m p l e  (7 f  a c;lam#i nf 
common p o l l u t a n t s  w i t h  molecular weights o f t e n  below 
t h i s  range. 

M i  ce 1 :L ar  -ran hancecl u 1 tr a f  i 1 t,r at. i on ( M E W  ) i r a 
r e c e n t l y  developed technique (2,3) which can be used t o  
remcwe ssnluhl.a, low molecular weight o ryan ics  from 
water, aa i l l u s t r a t e d  schemat ica l ly  i n  Fig.  1. I n  t h i s  
prcacrres, surf ac tan t  is added ,to t h e  pol l u t e d  aqueous 
s t  r eam. When t h e  s u r f a c t a n t  i s  present  a t  
concentrat ions gr-et&tm- than i t s  c r i t i c a l  mice l  l e  
concen t ra t i on  (CMC) , i t  forms aggregates c a l l e d  
micrllces, i n t o  which t h e  orqcnriic p o l l u t a n t  s o l u b i l i z e s .  
The stream then passes through an u l t r a f i l t r a t i o n  
mambrane w i t h  pore s i z e s  smal l  enough t o  b l o c k  the 
m i c e l l e s  con ta in ing  t h e  s o l u h i l i z e d  organic  p o l l u t a n t s .  
8irrc:a t h e  m i c r l l c s  are" 4 a i r l y  l a r g e  ( con ta in ing  around 
100 moleculeai f a r  t h e  s u r f a c t a n t  u%ad herap)? a membrane 
w i t h  a much l a r g e r  pore s i z e  can be used t o  r e j e c t  
micel  l e s  than wcnuld be requ i red  t o  r e j e c t  non-aggregated 
s u r f  actarrt molecules. I f  t h e  tendency f o r  t h e  p o l  l u t a n t  
t o  % o l u b i l i z e  i n  t h e  micel lcm i s  l a r ~ m ,  thR 
concentrat ion of  u n s o l u b i l i z e d  organic  i n  s o l u t i o n  w i l l  
be very small .  The pcrmrat,le solr.tte concentrat ion w i  11 
approximately correspond t o  t h i s  u n s o l u b i l i r e d  s o l u t e  
concentrat ion,  r e s u l t i n g  i n  a vary pure permeate. X f  
t h e  r -e tentate can be concentrated t o  h i g h  l e v e l s  o f  
surf ac t ant and p o l l u t a n t  be fo re  c o n c m t r a t i o n  
p o l  a r i z a t  i o n  o r  phase separa t i  on present ope ra t i ona l  
d i f f i c u l t i e s ,  a h i g h  r e c y c l e  r a t i o  (permeate/fE;ZIcxi) and 
m&ll Wa@t@ stream con ta in ing  t h e  p o l l u t a n t  a t  h i g h  
concentrat ions w i l l  r e s u l t  from t h e  process. 

I n  our p r e v i o u r  Rstudy a f  MElJF (3), t t ic removal of  
4 - u -  b u t y 1 p h en o 1 (TBP) was s tud ied  us ing  n- 
hexadecylpyr id in ium c h l n r i d s  (CPC) as t h e  sur factant ,  and 
a i 000 Dal ton molecular weight c u t - o f f  membrane w i t h  a 
czonstant tranrmembrane preasurm tjrop osf 414 kPa. Xn 
t h a t  wurk,  t h e  m i c e l l e s  were completely re jec ted ,  
long as h i g h  r e t e n t a t e  sur f  ac tan t  concentrat ions 
(greater  than approximately 225 mM CFC) were avoided. 
I n  t h e  lower c:oncentration rmgionJ r e j e c t i o n s  of 99.7% 
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MICELLAR-ENHANCED ULTRAFILTRATION 765 

RETENTATE 

SURFACTANT 

PERMEATE 

Fig. 1 Schematic of Micellar-Enhanced 
Ultrafiltration 

, f w  t3cnth 'TBP a n d  I::F13 werc r~bwwvrt l  and 4 l ~ ~ e w  warm only 
50% below t h a t  of pure  Esolvrant (water) .  

This previous work eBtabliohad t h e  fhiaibility US: 
M E W  am a scpiirration trchnj,qirc f o r  TRP. Xn t h i s  paper,  
w e  examine t , he  dynamics of the u l t r a +  i 1 t rn t i  on proceaai 
I n  much mar@ dotail. The effect af membrane? p o r e  s i n e  
i s  determined and maxiinurn .Feasible pore s i z e  and f l u x  
r a t s  are cstablisrhsd +or the prcxess" The e f f e c t  o f  
trrn~membrarre pretssurc drop I then i nvcat:,i c~~altud I Vour 
the  f i r s t  t ime?, the cancentrat ion po la r i za t i on  effects 
are quan t i .F id  .for MEUF. Cnn%ideratiuns i n  t h e  
ae lec t iun  uf optimum membrane and operat ing cond i t ions  
+o r  MElJF are d i s c ~ i ~ s e d ,  
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766  DUNN, SCAMEHORN, AND CHRISTIAN 

The source and p u r i f i c a t i o n  o f  mater ia l .s used i n  
t h i s  study, a n a l y s i s  o f  T'BP and CPC and r e l a t e d  
tecztini qucs (c:.hanQrs a re  rioted below) ai'.'r descr ibed 
e!lsrwhere ( 3 ) .  

The u l t r a f i l t r a t i o n  exper-iments were carr- ied out  i n  
N i ~ l e p o r e  400 ~I IL  batch s k i r r e d  c s l l s .  'The memlwarws 
war-c 7& m m - d i  amet,69r Nuc:le?pni-w ianisotropj.c eel. 1irlaae 
acetatca w i t h  an e f f e c t i v e  area of 30.2 em". Ma1.ec~lar 
weight cu t -o f+s  used were 1 000, 5 000, 10 000, 20 000, 
and 30 000 Dla1,tr;ms. The membranes were pre-equi 1 i b r a t e d  
t:)y c;je,iaking thum ovcrnigt i t ,  i n  a mulut ion can ta in iny  1.013 
mM CPC and 0.108 mM TBP. Th is  r-esitsltrd i n  P quicker 
t r a n s i t i o n  t n  steady s t a t e  i n  experimental runs  than t h e  
p r e v i o u s l y  desc:r'ibed method (31 of pre-snaking t h e  
inembranc;!i i n  .Feexi sso1 ut.i on. Feed sol u t i  unsr a r b i  t r a r i  1 y 
prepared i n  a 10s 1 r - a t i u  nf CPCI--trJ-,TBF, of  300 m l  ... wwre 
placed i n t o  t h e  c e l l  +o r  each u l t r a f i l t r a t i o n  r w i .  A l l  
Y - U ~ W  were made a t  JO°C w i t h  a s t i r r e r  speed o f  €345 KfaM. 
Ii..ar,!~rnenrbI..~ne prt.lsleure drops 0.1: 20b ,  X l O  ihnd 414 W a  
w w e i  u%ed. 

The thermodynamic phase boundaries (3) f o r  t h e  CPC- 
"r8P oyetcrn i r u  shown i n  Fig.  2. The gcnrpral r e t c n t r t e  
ecnmposition pa th  for t h e  uh*kr-aaf: i I trat iun runst i n  t h i s  
work is n l a a  shownj t h a t  i s ,  t h s  TBF vis" CPC 
concentrat ion. i n  t h e  r e t e n t a t e  as a r u n  progressed. 
From Fig.  2, t h e  r e t e n t a t e  was an i s o t r u p i c  s o l u t i o n  
L i n d m r  h a l l  c m d i t i a r i a  studied. 

For p r a c t i c a l  MElJF use!, aur+awctant would be 
intruduc:ed i n t o  t h e  feed stream con ta in ing  t h e  d i sso l ved  
organic  ssolut.:ss, and t h i s  stream would then be ti**earted 
i n  a taat.c;ti c i r  c:ont:inirrucs 4 1 . ~ 3 ~  membrane device. I n  a 
batch nperat.iori, the r-catmtate s o l \ r t i o n  w i  1 X hec:wne more 
concentrated i n  r e j e c t e d  species w i t h  i nc reas ing  t i m e  as 
prrnrca'te i s  removed +rum t h e  c e l l .  I n  a cont inuous f l o w  
n~:~~~?r-rnt ion,  the retaritate! su luk ion  wi 11 become more 
conc:cntratrd i n  rmjactad iqmcics w i t h  incrsawinQ 
d i s tance  (or res idence t ime)  through the device. For 
each cun-Fi$)urat:ion, i t  can be concluded t h a t  t h e  
retent:ate r::ornposi%icm f o l l u w s  a path. A batch, s k i r r e d  
c a l l  was used for t h i B  study.  The 1-ceult ing 
d i + f e r e n t i a l  f 1,ux ( o r  re1,at ive . F l u x )  and permeate 
cunccn t ra t i nn  data, measured as func:tions o f  r -e tsntate 
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MICELLAR-ENHANCED ULTRAFILTRATION 767 

PATH OF STUDY 
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768 DUNN, SCAMEHORN, AND CHRISTIAN 

cancent:ration i n  t h e  c e l l  I can be i n t c g r a t . 4  t o  p r e d i c t  
t h e  average +lux and permeate concentrat ions f o r  a 
c:mntinwwa u n i t  i.intler !ripw::if iw i id  cond i t i nns .  E a c h  of the! 
runs i n  t h i s  work fo l l owed  t h e  same path, s ince  t h e  
i n i t i a l  CPC/TBP cancentrat inn r a t i o  was 1011. f o r  each 
I * L ~  and reJcct::tcin of  bath CF'C arid TBF' w@re very c:lose t o  
100% under a l l  c o n d i t i o n s  aitudied. Oiven t h i s ,  t h e  
I-t?tctrrtatc CPC:/TBF concentrat inn r a t i o  i s  appru#imat.ely 
constant a t  1021 under a l l  c o n d i t i o n s  s tud ied  here, and 
t h e  independent v a r i a b l e  was chosen t o  be t h e  r e t e n t a t e  
CF'C c o n c c n t r a t i  r m  f err  data present.at i  on. 

Thw inc:ream i r r  r - e t m t a t e  c:nncenkration i n  sinC3le 
batch experiments was l i m i t e d ,  s ince  v o r t i c e s  generated 
by t h e  sat i r rer  l i m i t e d  t h e  f r a c t i o n  o f  s o l u t i o n  which 
could permeaka t h e  mernbranc i n  t h e  i . i l t r r f i l t r i a t i o n  run; 
t h e r e f  ore, severa l  runs  a t  d i f f e r e n t  i n i  t i a1 
toncmntrat ians werm made and t h e n  e:onneet,ecl i n t o  a 
s i n g l e  path coverj.ng a much wider range o f  r e t e n t a t e  
composit ions. I t  could be argued t h a t  the  r e s u l t s  may 
clepend upon t:,i.mm of ciperaticm of t h e  c e l l ,  as we l l  as 
t h e  c o n d i t i o n  o f  t h e  r e t e n t a t e ;  t h a t  i s ,  t h e  boundary 
l a y e r  ( 3 f  f l u i d  next. tn t h e  mtm~bi-nne may t i a k f i ?  a l ong  t i m e  
t u  r-each e steady s t a t e  c o n d i t i o n  compared t o  t h e  r a t e  
of change i n  t h e  r e t e n t a t e  s o l u t i n n .  I f  t h i s  were t h e  
(:a?ule, t h e  bat:ch cel:L r-esc.L1:te cucnld r iot be? used t o  
p r e d i c t  performance i n  a cont inuous commercial device; 
hnwcver, as seen i n  F igs.  3, 4 and 5, t h e  flu>: data f o r  
d i f f e r e n t  u l t r a f i l t r a t i o n  runs  along a pa th  form a 
cont inuous curve. For example, each path i n  F ig .  3 i s  
c:ompused of t h r e e  separate runs. This  ind ieat -es t h a t  
t h e  MEUF r e s u l t s  depend o n l y  on t h e  r e t e n t a t e  p r o p e r t i e s  
and n o t  khc t i m e  o f  operaticrn. 

The basae case f o r  comparison i s  a 10 000 molecular 
weight cut-cfaf (MWCO) membrane w i t h  a 414 kFa 
transmembrane pressure drop (AP). Complete permeate and 
r e t e n t a t e  CPC and TBP cunemntrat ianr,  c a l  c u l  ated 
apparent r e j e c t i o n s ,  and r e l a t i v e  f l u x e s  a re  shown i n  
Table 1 f o r  t h e  e n t i r e  pa th  studied. R e l a t i v e  . f l uxe r~  
were c:alculated as r a t i a w  of t h e  absolute flu,: t o  
corresponding f l u x e s  of pure so l ven t  water under 
i d a n t i c a l  f l ow  c:onditions. Table 2 g i ves  a l i s t .  c i f  p1.1re 
water f l u x e s  fur each o f  t h e  f i v e  membranes. 

Ahwiolute and r e l a t i v e  C l i ~ x e s  f o r  path runs  thrnugh 
i 000, 5 000, 10 000, 20 000, and 50 000 Dal ton MWCO 
membranes w i t h  a A P  c 3 f  414 kPa are  p r ~ s e n t e d  i n  F igs.  3 
and 4, r e s p e c t i v e l y .  Permeate campoait ions f o r  CPC and 
TRP are  p l o t t e d  as a f u n c t i a n  o f  r e t e n t a t e  CFC 
concentrnt icm :in Figs.  6 and 7, r e s p e c t i v e l y .  A l e 0  
shown i n  F ig .  6 are  vapor pressure osmometry 
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F i g .  3 Absolute  Fluzl Rates +or- Var ious 
Membrane P o r e  Sizes 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



7 7 0  DUNN, SCAMEHORN, AND CHRISTIAN 

100 1000 

RETENTATE CPC CONCENTRATION (mM) 

F ig .  4 Relative Flux Rates f o r  Various 
Membrane Far= Sixes 

measurementr ( 3 )  f o r  mean i o n i c  m o l a l i t y  of  CPC, and i n  
F i g .  7 arc  semi-equi l ibr ium d i a l y s i s  meaEurementa (9) 
.For ~ ~ n s i o l ~ ~ b i  I i z e d  TBP i n  t h e  r e t e n t a t e .  

The 10 000 MWCO membrane was chosen +or d e t a i l e d  
sstudy CJ+ t h e  e f f e c t  o f  transmembrane presjsure drop as 
reprc+ent ing a balance between . F l u x  r educ t i on  and s a l u t e  
rr jccnt ion.  F i g .  5 presents r-es~11.tn f o r  f l u > :  r a t e s  
meassurrd at AP values uf 206 kPa, 310 kPa, and 414 kPa. 
H i c ~ t ~ w  pr-cmmtre drops were r iot  53t~idied t o  avoid membrane 
camp r ess i on c rrn c wi t r" at. i an EI 

higher  than t h e  aforernentionexl 225 mM were not jstudied 
f o r  the  two lower prtm9ure drops because MEUF i s  

e f f ec t s . Re t en t a 12 E! CPC 
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774 DUNN, SCAMEHORN, AND CHRISTIAN 

T'UBLE 1 
U l t r a f i l t r a t i o n  Results: 10 000 MWCO Memtirane 

an(:I 414 ICPa 'Tranmtmbranrt Prssniure D r o p  
~ ~~~ 

C:urrc:en tr a t  i m s  ( mM) 
ReJ ec t i on Fluxes 

R e t  en t a t e  P e r m e a t e ,  ( % I  
fibsol u t e  Re la t ive  

CPC TBP CPC TBF CPC TEF (I,../W-*M") 

17.0 1.70 
1'7.9 1.78 

19.9 1.99 
24.3 2.42 
30.13 3.06 
48.4 4.79 

18.9 1.88 

242. 24.2 
258. 25.8 
277. 27.7 
2cjy.  2C?" C? 

323. 32.3 
:J50. 35. 1 
3B3. 38.4 
424. 42.5 
471. 47.2 
5261. 32. b 

0.457 0.0763 
0.443 0.075Y 
0.464 0.0784 
(3.  464 (3.  1:3704 
0.450 0.0715 
0 I 507 0 I 0'7 14 
0.314 0.0698 

0.606 0.0766 
0. 64.9 0.0821 
0. 649 E3. 0784 
0 I h7EI 0.0795 
0. '720 (3. 08 1 y 
0.749 0.0817 
0. E3h2 0. 0845 

1.74 0.137 
1.81 0.146 
2.03 0.175 
2.19 0.182 
2.47 0.196 
2. '74 o. 217 
3.12 0.268 
4. ::52 0. 349 
5.24 0.561 
7 "  38 i I (13 

97.31 95.51 
97 .52  95.132 
97.56 95.05 
'77 I &'7 '?k. 46 
98.15 97.04 
9B " 3:; V.7" k b  
98.94 98.54 

99 I 28 VY . 4:3 
99.29 99.43 
99.27 '39.37 
99.2'7 99.39 
99.23 99.59 
C?9. 22 C j C ? .  38 
99.1El 99.30 
98. 18 89.1'7 
913.89 9e.81 
vu 60 VEI, 04 

171. 
169" 
170. 
164. 
i h 3 .  
1, s 0 . 
153. 

122. 
1. 1. 4 . 
IXS. 
113. 
109. 
B9.5 
70 I) 1. 

35.7 
32.3 

0.756 
B. 747 
0.753 
0.724 
0 .  '722 
0 I 4~65 
0.587 

0.340 
(3. 50tr 
13.51 1 
0.499 
0.454 
0.396 
(::) " ::5 :k 0 

(:) " 1'7'7 
0.158 
0.143 
0.129 
0.114 
0 .  09'72 
Q.07YS 

s (3 h 0 1 
0.0414 
[I. (:)2!35 

T'ApJLE 2 
Pure Solvent Flux Rates 

Membrane Pare Flux 
S i r e  (MWCO) (1  ... /ti--M;;E) 

1 000. 34. s 
S 000. 95.8 

10 000. 226 I 
20 000. 411. 
50 000. 622. 
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i n e f f e c t i v e  beycrnd t h i s  l i m i t .  The e f f e c t  o f  AP nn f l u x  
a t  constant r e t e n t a t e  CF'C concentrat ions is shown i n  
F ig .  B. Permeate C F T  and 'THP c:oncentratioris f:or thc?se 
lower prsssure drop runs  a re  presented i n  F igs .  9 and 
10* r e s p e c t i v e l y .  

F1. lAxeS3 

For any t y p e  o f  pressure f i l t r a t i o n ,  t h e  absolute 
f l u x  can be related t o  res i s tances  t o  f l o w  arid AF 
thrnugh t h e  fo l . lowinq r e l a t i o n  ( 1 ) :  

J, = AP/(R,+R,,) ( 1 )  

where &Iw i s  t h e  aolvent  (water)  f l ux  a t  lO0X s o l u t e  
r e j e c t i o n  (a  c o n d i t i o n  which is n e a r l y  s a t i s f i e d  under 
a l l  c o n d i t i o n s  s tud ied  here) ,  K, i s  t h e  r e s i s t a n c e  t o  
f l o w  caused by t h e  nrembrane, and Rc:: i s  t h e  resi tstance t o  
.flow ( i f  any) w i t h i n  t h e  hydrodynamic boundary l a y e r  
nex t  t o  t h e  membrane. 

In t h c  u l t r a f i l t r a t i o n  o f  c? very d i l u t e  s o l u t i o n ,  
o r  when us ing  a u l t r a f i l t r a t i o n  membrane w i t h  smal l  
enough pore s izes,  t h e  membrane r e s i r t a n c e  w i l l  dominate 
(%>>Kc);  therefore,  J, becomes a l i n e a r  f u n c t i o n  o f  AF:' 
( 1 ) .  For example, from F ig .  El!, t h e  f l i . t x  is p r o p o r t i o n a l  
t o  AF fur pure water f o r  a 1 0  000 MWCO membrane. From 
F ig .  3, f l u x e s  f o r  MEUF a re  n e a r l y  equal t o  pure so l ven t  
*Fluxes f o r  membranes o f  1 000 and 5 000 MWCO when t h e  
r e t e n t a t e  CPC concentrat ion i s  less than about 25 mM. 
From Fig.  5, f o r  a 10 000 MWCO membrane w i t h  AP values 
o f  206 kPa and 510 kPa, t h e  f l u x a e  a re  o n l y  s l i g h t l y  
dependent can concentrat ion I n  t h e  lower concen t ra t i nn  
r e g i o n  o f  t h e  path; t he re fo re ,  t h e  abso lu te  f l u x  
approaches t h e  so l ven t  f l u x  and i s  n e a r l y  p r o p o r t i o n a l  
t u  pressure drop, a t  low concentrat ions and AP values ,  
n!i s;em i n  Fig. 8. 

4% t h e  r e t e n t a t e  becrmes more concentrated along 
any g iven path, t h e  s o l u t i u n  w i l l  en,ker t h e  
r u n c c n t r a t i o n  po1,nr izat ion rcnime. I n  t h i s  regime, a 
"hydrodynamic boundary 1 ayer" forms near t h e  membrane 
s u r f  ace, and con ta ins  a h ighe r  concen t ra t i on  o f  r e j e c t e d  
speciwa than t h e  bt.tlk m l u k i o n .  Am thm r e t e n t a t e  
hecnmes more concentrated, o r  t h e  a p p l i e d  AF is 
increased, t h e  c o n t r i b u t i o n  of  t h e  boundary l a y e r  t o  t h e  
t o t a l  r e s i s t a n c e  bccomcls more s i g n i f i c a n t .  A s  a res i . i l t ,  
t h e  r e l a t i v e  f l u x  dec l i nes  f rom unit,y. I nc reas ing  t h e  
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mwmbranm pore s i r e  dccrca!!jew t h e  r e l a t i v e  c n n t r i b u t i o n  
13f t h e  membrane res i s tance  ( 1 )  1 t he re f  o re9  t h e  r e l a t i v e  
(::orr,tr:i bi..iti cm CYF t h ~  boundwy 1 a y w  rwsi :stance bccornws 
more s i g n i f i c a n t .  The decrease i n  t h e  permeate f l u ~ e s  
caused by concen t ra t i on  p o l a r i z a t i o n  can be seen i n  
F iqs.  3 and a!, .for- t h e  va ry ing  membrane pore s ; i r r  
experiments. T h i s  e f f e c t  can a l s o  be seen i n  F igs.  S 
arid El where, e x c q ~ t .  few- piwe water, t h e  f l u x  dues n o t  
increase p r o p o r t i o n a l l y  w i t h  i nc reas ing  AP9 as R, i n  
Equat ion ( 1 )  beeomem i n c r e a s i n g l y  o i g n i f i c a n t .  For the 
%ysatern mti..idicd here!, MEI.JF i s  g e n e r a l l y  i n  t h e  
concen t ra t i on  p o l a r i z a t i o n  regime Cor opera t i ng  
c c3n d i, t i 01'1 % c2.f i 1"l t er" m55t . 

When the r e t e n t a t e  i s  f u r t h e r  conceritr-ated i n t o  t h 8  
cuncwntrat ion p n l a r i z n t i n n  regimm,, t h e  res imtancs term 
i n  Equat ion ( 1 )  may become dominated by R,. I n  t h e  g e l  
p o l a r i z a t . i o n  model (114,5) , t,Rtz c u r ~ ~ e n t r ~ t i c r ~ ~  r3.f ~ a l i . i t ~  
at o r  near t h e  membrane su r face  increacjes u n t i l  i t  
rwx:hes ia maximum value?, cummunl y re4:crrcd t o  WE. t h e  g e l  
rnnccntrat , ion (C,) ( l v 4 - - h ) .  According tu g e l  
p u l a r i z a t i o n  t.heory, C, i s  independent o f  t h e  b u l k  
cancwntrat,inn, t h e  app l i ed  APP t h e  .Flaw erJnditicmw, mid 
'the membrane c h a r a c t e r i s t i c s  ( 1 , 4 ) .  A t  t h i s  p o i n t ,  t h e  
x ~ l u t ~  +cwms a %hixutrc)pic: gal  a d j a c m t  t c r  ,the meil~bri%ne 
a n a l q u u s  t n  cake .Farmatiem i n  cw-elinary f i l t r a t i o n  ( 1 ) .  
Fiq. i l  presents  P rcheniat ic uf t h e  gel l a y e r  w i t h  
ir.tmpmc:t: t o  tha hydrudynami e: buundar'y 1 ayer. When t h e  
s o l u t i o n  i s  i n  t h e  ge l  p o l a r i z a t i o n  regime, and t h e  

convect ive mass t.ransport of t h e  s o l u t e  t o  t h e  membrane 
surfunce Jm%t equals t h e  back-cl i f f  u s i v e  fr-om t h e  membrane 
cai*iw$d by khc ii\ssi*ci a.tetJ c:oncwntrat i nn p r a d i  e n t )  I t,he 
f l u x  w i l l  va ry  w i t h  t h e  b u l k  concen t ra t i on  ( C L )  as 
.fnll13ws: 

bour1dar-y Ica\y&r i s  rwfllliiid~recl t n  be a t  steady C j t & t C : !  (t.kre 

;I, = K C l n ( C e / C , ) ]  (2) 

where K i s  t h e  mass t r a n s f e r  c o e f f i c i e n t .  Accarding to 
Eqi.iat,iorr ( 2 )  , whm t h e  s c ~ l ~ l t i c m  c:oric:entrnf:icnr1 is equal. 
t o  t h e  ge l  concentrat ion,  t h e  f l u x  i s  zero. A p l a t  a+ 
t h e  absolute (or r e l a t i v e )  . f l u x  vs. l r ? ( C , )  should be 
l i n e a r  w i t h  t h e  s lope indicating t h e  v,nlue nf K. 
Figs.  3 and 4 i n d i c a t e  t h a t  Equat ion (2)  i s  obeyed f o r  
each membrane used, am the r w l  i s t i vg  mF1 L M C ~  iapproachwd 
zero. 

A s  shown i n  Figs.  5 and 4, and i n  Table 3, 
approximately t h e  same g e l  concen t ra t i on  i s  ubeerved fur 
each por-e s i r e ,  w i t h  an averqje va1,ue o,f 528 mM CPC: and 
52.9 mM TEP. T h i s  ge l  p o i n t  i s  shown i n  r e l a t i o n  t o  t h e  
phase boundar ies i n  F ig .  2. 'The gal  p o i n t  i:s n u t  clnsa 
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GEL LAYER SKIN 

WELL MIXED LAMINAR 
SOLUTION SUB-LAYER 

Fig .  1 1  Schematic of Boundary Layer- and 
Gel Layer Formation i n  I 1 1 t . r i a T i 1 t i - a . t i t m  

'TABLE :3 
Gel Concentrations and Mas% Transder C o e f f i c i e n t s  

~~ ~~ 

1 000" 411. 524. 5 2 . h  as I 
5 000. 414. 548. 53.0 313.0 
10 000. 414. 525" 52.4 53.3 
20 (300. 414. 321. 52.4 65. 
50 000. 414. 522. 52.3 74.1 
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to m y  thermodynamic phase bc)undiw'y$ t,herr.for-c.1, t h e  g e l  
which forms on t h e  membrane su r face  i s  n o t  a r e s u l t  o f  
pkias~? wnpar-ati.on. X t  has been 5shown, in add i t i an ,  t h a t  
t h e  s o l u t i o n  a t  t h i s  ge l  c:oncerrtratiun i a  va ry  v iscut is 
(about b CP ( 3 ) ) .  

Consider t h e  f l u x  da ta  g iven i n  Figs.  5 and B. 
Whi lu , t h e  f l u x  i s  rimw-ly praportionaal t o  t,hc preeeurs! 
drop f o r  t h e  pa ths  run at A P  valuers o f  206 kPa and 310 
kPa, t h e  f l u x  increases o n l y  s l i g h t l y  between paths r u n  
at;, AP values c 3 f  310 kPa and 414 I::F'am From F i g .  5r  t h e  
da ta  f o r  t h e  t h r e e  paths a t  d i f f e r e n t  transmembrane 
pr- r rsnre drnpcs a1 1. w:tr"qJolat6? approximatel. y 2:c3 the+ 
corresponding g e l  concen t ra t i on  i n f e r r e d  from Figs.  3 
and 4. Also, the Same g e l  concentr-at ion i s  observed 
when tlia %tirr*er-  s p e e d  (#!hear- f a rces )  i l s  v a r i e d  f e r r  t h i s  
same system (7). 

The da ta  i n  F ig .  3 and 4 i l l u s t r a t r  t ha t  the 
concen t ra t i on  range, bet.ween t h e  pmint  where 
ccwiccritr-ation p o l a r i z a t i o n  begins and t h e  g e l  p o i n t ,  
increases as t h e  membrane po re  s i z e  increases. Also, 
the  p a i n t  whor-c?! t:h8 fl.ux sccms t o  bcccme a l inear 
f u n c t i o n  o f  I n  (Cb)  occurs at lower r e t e n t a t e  
concen t ra t i nns  as t h e  membrane pore s i z e  increases# t h a t  
i!~, thee i ~ ~ > i ~ - \ t :  whwe t h e  gel. in i t i i?. l l ,y  for-mri cnccur-as at 
lower r e t e n t a t e  concentrat ions as t h e  membrane po re  !size 
i ? s  incr-earwd. I-IpF:)wcnkIy, gel. 1.ryor few-mrtion remcwes 
some o f  t h e  advantage o f  us ing  h igher  MWCO membranes. 
The r a t i o  o f  t h e  f l u x e s  f o r  two membranes o f  i nc reas ing  
MWCCl a t  a s p e c i f i c  c i m d i t i a n  i n  a MEIJF 61pplif::aticrn i s  
n o t  as Q r e a t  na t h e  r a t i o  of t h e  f l u x e s  f o r  pur-e so l ven t  
.falea those same rneimbr-anwig t h a t  is, t h e  r .c l&t iv!a + l u x  i a  
lower f o r  higher- MWCO membranes, as seen i n  Fig.  4. 

Fig.  12 and 'Table 3 q i v r  ma%% trarrsfer- cwcz.ffi,ci,ents 
c a l c u l a t e d  f o r  each membrane (MWCO) from t h e  da ta  g iven 
117 F i g .  3 and f r c a m  Equat iun ( 2 ) .  The va1r.ra n.F K 
incr-ra!!ies i n  d i r e c t  c o n t r a d i c t i o n  w i t h  ge l  p o l a r i z a t i o n  
theory.  Since t h e  qel concen t ra t i nn  i s  indapendent of  
tnmbranr par-meabi 1 i t y ,  and t h e  macss t r a n s f e r  c:nsf-fic:isnt 
can o n l y  be a f u n c t i o n  of  t h e  shear r a t e  a t  t h e  membrane 
w.w~fac:Eg, t h e  c a l l  g r o m a t r y ,  a n c f  .the sn lu te  di+f:t..rrj:ivityg 
then according t o  Equation ( 2 ) ,  t h #  permeat,@ f l u x  must 
be independent o f  t h e  membrane permeabi X i t y  ( 1 4). The 
data i n  F igs.  3 and 4 i n d i c a t e  t h a t  C, i s  independent c > f  
membrane pore s i r e ,  b u t  t h e  corresponding K va lues a re  
nc>t. This p a t t e r n  i s  var-y cs ien l f ieant  fw- t h e  lower 
membrane pore s izes.  

When t h e  ge l  layer i s s  fnrmcd, t h e   flu^ s h o u l d  
become i n v a r i a n t  w i t h  i n c r e a s i n g  APg however, from 
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F i g .  12 Mass Trans fe r  C o e f f i c i e n t  8.3 a 
F u n c t i o n  o f  Membrane Fore  S i z e  

F i g .  5 ,  t h e  f l u x  d a t a  f o r  a AP a f  310 k P a  v a r i e s  
l i n e a r l y  w i t h  t h e  l o g  o f  t h e  r e t e n t a t e  CPC 
concent ra t . ion ,  i n d i c a t i n g  t h a t  same t y p e  of  g e l  l n y r r  
has formed at t h i s  p r e s m r e  drop. B u t 7  t h e  f l u x  
inc reases  s l i g h t l y  as t h e  AF i s  i nc reased  t,cD 4.14 kBa. 
Incr 'aa8inQ flu:.[ w i t h  i n c r e a s i n g  AP a t  g e l  l a y e r  
c o n d i t i o n s  has  bean p r e v i o u s l y  observed i n  
u 1 t r a f i l t r a t i o n  (6). 
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c m c e n t r n t i .  nns which we have .fnt..ind tin he in t h e  
c: cmcen t r a t  i on 13 01. ar :i z at:. i on r e g  i me i n t h  i s work. From 
.t:hwk r ~ ~ j i . 1 1  t, wc! i r T c : : o r r s c : t : . l  y crunc:l [ , . t c f m f  "cat. w e  d i ,  cl n c n t  
have concentrat ion pol iwi2:at ic in under ,the c o n d i t i o n s  
1.1 !is e c l  t: PI e r e I CJ 17 
t. t l  E? shear r-ate (under same c o n d i t i o n s )  when 
c:c:,l..t(1~!r.i,tv..~4't:i. (:m p o l a r  a t i m  i s  p r w m n t  i s  ywt anothcr- 
unusual c h a r a c t e r i s t i c  o f  MEUF'. For MEUF i n  general,  
t h e  boundary I. &\yer  arid t.he mernhrme c:hwacter i  sti c:$i 

a f f e c t  t h e  + l u x e s  i n  any p o r t i o n  o f  t h e  cnni:ent.ration 
p e l a r i r a t i o n  r rg ims.  Formal iun of  some t ype  u+ f1.~.1x 
h indmrinq g e l  adjacent t.o t h e  membrane murface exp la ins  
why iBoine o+ t h e  advantaqes o f  us ing  mor-c puruuss 
mtimbranes a r e  l o s t .  F i n a l l y ,  ch.\@ t o  c o n t r a d i c t i n n s  i n  
.f1ux behavior and t h e  apparent dependency of t h e  mass 
t , rans. fw c o w f f i c i e n t  an membrane pe rmeab i l i t y ,  i t  can be 
concluded t-hat t h e  ge l  p o l a r i n a t i a n  model. does n o t  
% a t i s f a c t n r i  ly e x p l a i n  khc betiavictr cr.F MEUF i n  arlvmced 
stages of  concen t ra t i on  p o l a r i z a t i o n .  

Pcrmeate P u r i t v  

"I' 1 1  c r e! I a ,t i, v c! i. n d c KJ ri ri d c r7 c: c n ,f .k t i  e! .f: 1 L.I P: 

Consider t h e  CPC concentr-at ions i n  t h e  per-nreatc i n  
Fi (2 b b c l  ow ia v.et,&!ntifi'tc IaPC crincentt-at.i. ~:)i'i f3.f 2!25 flrf'l. 
Far t h e  1 000 MWCO membrane, t h e  CPC concen t ra t i on  i s  
below t h e  mean i o n i c  rncili3l:i%y crf: CPC i n  the ri&antat:.e, a 
concen t ra t i on  which would be expected t o  approximate t h e  
permeate CF'C c:uncentrat,ion i f  mice!l.leac were c o m p l e t e l y  
r e j e c t e d  and monomer hindrance were n e g l i q i b l e  ( 3 ) .  For 
t h e  S 000 MWCCI fnembrane, t h a  CF'C concentrat i ,or i  is 
somewhat h ighe r  than f o r  t h e  1 000 MWCCI membrane!. T h i s  
may be due t o  t h e  mononrcr b r i n g  less h i n d w e d  du r ing  
passane through l a r g e r  pores. The 10 000 MWCO membrane 
e x h t b i t s  a lower permeate CPC cwncentrat ion than t h e  
5 0(>0 MWCO mcmbr-ane. This  e f + e c t  may be due t o  an 
e a r l i e r  develupment o f  the cor tcentrat iun p o l a r i z a t i o n  
regime f o r  t h e  former, as smen i n  Fig.  4. The boundary 
layer,  c o n t a i n i n g  an increased r e j e c t e d  species 
conc:entrat inn, act!?+ as a prse ieve  t n  a i d  t h e  membrane i n  
r e j e c t i n g  s o l u t e  (1). Larger p a r t i c l e s  i n  t h e  boundary 
l a y e r  ( i n  uur (:awF m i c e l l c s )  arm kriown t o  p r m i w v e  
smal ler  p a r t i c l e s  ( i n  aur case, monomer) (1). Far t h e  
10 000 MWCO membrimo, t h i s  e f f e c t  cnimteracts, t h e  
reduced monomer hindrance. 

The 20 000 and 50 000 MWCO membranes produce 
pwfneat.e CPC cancentr iat i  crns whi eh arc  ar-crund or  above 
t h e  mean i o n i c  m o l a l i t y  and s u b s t a n t i a l l y  above t h e  
1 000 ant3 10 000 MWCU mtmbranc diat,;Aa Some micel lem a re  
l e a k i n g  through t h e  membrane f o r  these h ighe r  pore 
s i z e s i .  Still, i t  i i B  r-emarkable t h a t  t h e  va%t m a j o r i t y  
nf m i c e l l e s  a r e  being re ject -ed f o r  such a l a r g e  membrane 
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784 DUNN, SCAMEHORN, AND CHRISTIAN 

pme; 5;ize. I f  a micel . le is being fo rced  through a pore 
smal ler  than i t s  minimum diameter by so l ven t  f l w ,  
r a t h e r  than deform, i t  may d i sassoc ia te  t o  farm monomer 
which w i l l  r a p i d l y  d i f f u s e  away from t t ie  membrane and 
re-form a m i c e l l e  i n  t h e  bu lk  r e t e n t a t e  s o l u t i a n .  Only 
pores l a r y e  enough t r y  l e t  m i c e l l e x  permeat-s r e l a t i v e l y  
unhindered w i l l .  a l l o w  m i c e l l e  leakage. Th is  i s  a 
va luable c h a r a c t e r i s t i c  f o r  MEUF from a p r a c t i c a l  
v iewpoint .  

Coneidcr now t t ie  TBF concentrat ione i n  t h o  permeate 
i n  Fig.  7 below a r e t e n t a t e  CPC concentrat ion o f  about 
225 mM. The samm t r e n d  i s  $seen w i t h  i nc reas ing  membrane 
pore s i z e  as f o r  t h e  aforementioned CPC data, b u t  i n  
t h i s  case, t h e  1 000, 5 000, and 10 000 MWCO membranes 
permeate 15F' concentrat ion r e w l t s  approximately 
correspond t o  t h e  u n s o l u b i l i r e d  TBP concentrat ions i n  
t h e  retent late.  The permmtm TEF cancen t ra t i an r  f o r  t h e  
20 000 and 50 000 MWCO data ar-e above t h i s  l e v e l .  Th is  
subs tan t i a tes  t h a t  an i n s i g n i f i c a n t  l e v e l  o f  m i c e l l e  
Ieakage C J C C L I ~ ~  f o r  MWCO membranes of  10 000 and below. 
Some m i c e l l e  leakage occurs f o r  MWCO l e v e l s  o f  20 000 
and above. From a c:omparison nf t h e  1 000, 3 DOOp and 
1 0  000 MWCO membrane data, t h e  concen t ra t i on  
p o l a r i z a t i o n  boundary l a y e r  p res iev ing  e f f e c t  may 
improve r e j e c t i o n s  o f  TBP, as w r l l  a15 CPC, b u t  no t  asi 
extensive1.y. When smal l  enough pore s i z e s  a r e  se lected 
such t h a t  micel lras a re  re jec ted ,  o thera have! observed 
w l u t e  concentrat ions i n  t h e  permeate being equal t o  
u n s o l u b i l i z e d  concentrat ions i n  t h e  r e t e n t a t e  ( B 1 9 ) .  
O u r  l a b o r a t o r y  hags d i rcoverod t h a t  t h i s  i s  a l s o  v a l i d  
f o r  MEUF o f  n-alcohols us ing CPC (10). 

From t h e  d iscuss ion o f  t h e  f l u x  r a t e  data, we 
concluded t h a t  concentrat ion p o l a r i z a t i o n  i s  present  f o r  
almast a l l  r uns  j u s t  discussed; yet ,  almost na dccrma.re 
i n  r e j e c t i o n  is observed as concen t ra t i on  p o l a r i z a t i o n  
becomes f u r t h a r  prnnnunced I Thi s I e a v a l t ~ a b l  e asprct  
0.6 MEUF, s i n c e  q u i t e  h i g h  r -e jec t i ons  a re  a t t a i n a b l e  a t  
h i g h  f l uxes .  

Consider t h e  r e t e n t a t e  CPC concentrat ions above 225 
mM i n  F igs.  6 and 7. Ruth CPC and TBP permeate 
concentrat ions increase r a p i d l y  w i t h  r e t e n t a t e  
concentrat ions i n  t h i s  region. Th is  has been p rcv ioua ly  
at t r* ib i . i ted t o  passage of  n-mere ( f o r  example, dimers, 
t r imers ,  and etc . )  through t h e  membrane (3). The data 
i n  F igs.  b arid 7 can be expla ined on t h i s  b a s i s  w i t h  t h e  
a d d i t i o n a l  cons ide ra t i on  o f  m i c e l l e  leakage f o r  l a r g e  
MWCO membranes. From a p r a c t i c a l  standpoint ,  t h i s  h i g h  
concentrat ion rcgioi i  lnihoulrl be aveiided f o r  any membr'isrre 
pore s ize.  T h i s  imposes a l i m i t  on r e c y c l e  r a t i o s  
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HICELLAR-ENHANCED ULTRAFILTRATION 785 

(permeat,e/feed r a t i o s )  , b u t  t.he i.tndesi r a b l  e 
concentrat ions a r e  so h i g h  t h a t  t h i s  l i m i t a t i o n  i s  n o t  
severe. 

The efafect o f  AP an permeate p u r i t y  i n  Fig.3. 9 and 
10 o n l y  considers t h e  r e g i o n  o f  t h e  law r e t e n t a t e  
concentrat ions which are f t m s i b l e  +or  e f f e c t i v e  
separat ion.  The permeate CPC: cnnccn t ra t i nn  drcreaamn as 
t h e  AP (and t h e  f l u x )  increases. T h i s  i s  due t o  t h e  
h i  ghcr degree of concen t ra t i  an ~ioX a r i z a t , i  sn undmr h igher  
AP cand i t i ons ,  i nc reas ing  t h e  p res iev ing  e f f e c t  f o r  
s u r f a c t a n t  monomer. A t  very  low values o f  AP? UthW 
authar-s have nbsserrved t h a t  t h e  sur factant .  concen t ra t i on  
i n  t h e  permeatw i s  equal t o  t h e  mean i o n i c  m o l a l i t y  of 
s u r f a c t a n t  i n  t h e  r e t e n t a t e  (11, ) .  I n  c o n t r a s t  t.n t h e  
CPC, t h e  hindrance o f  t h e  unassociat rd  TBP i s  
n e g l i g i b l e ,  uu it i s  rrear ly a t  an e q u i l i b r i u m  
concen t ra t i on  i n  t h e  permeate. A s  shown i n  F ig .  10, t h e  
AP ha% l i t t l e  es.ffc9ct: on t h e  permeate TBP conccntr-at ion. 
A t  a11 AP va lues s tud ied,  no m i c e l l r  leakage was 
observed f o r  t h e  10 000 MWCO membrane. 

From Figs.  7 and 10, as l o n g  as membrane po re  s i z e s  
no greater  than 10 000 MWC:O a rc  used, wid h i g h  
s u r f a c t a n t  concen t ra t i ons  a r e  avoided, t h e  permeate TBP 
concen t ra t i on  is very n e a r l y  a t  i t s  e q u i l i b r i u m  
u n s n l u b i l i r e d  concen t ra t i on  i n  t h e  re ten ta te ;  t he re fo re ,  
i n  order- t o  p r e d i c t  t h e  performance of  MElJF w i t h  r espec t  
t o  r e j e c t i o n  o f  t h o  pol lu tant , ,  MEIF ~ x p e r i m k n t s  need no t  
be run. E q u i l i b r i u m  methods such as semi-equi l ibr ium 
dialy!ii?is (12) can p r e d i c t  performance. The maximum 
s u r f a c t a n t  concen t ra t i on  i n  t h e  permeate under those 
c o n d i t i o n s  can bc est imated by t h e  mean i o n i c  rnolal.:iky, 
which can be approximated by t h e  CMC, an e a s i l y  maaraurrd 
quan t i t y .  T h i s  can p o t e n t i a l l y  s i m p l i f y  acr-coning fur  
new p o t e n t i  a l  pal. 1 u t a n t s  t,o he removed from wa%tewater 
streams. MEUF data must be a v a i l a b l e  t o  p r e d i c t  +lux 
V A ~ C I C ~ ,  and scale-up crf wc)rCt: such a m  t h a t  don@ hare t o  
commercial ho l low- f  i b e r ,  spiral-wound, and o the r  u n i t s  
should a l l o w  development o f  such in fo rma t ion  .For genel-a\l 
appX i c a t i o n .  ll)s group c o n t r i b u t i o n  mathods of 
p r e d i c t i n g  s o l u b i l i z a t i a n  behavior o f  various organics 
ar-r developed, t h e  a b i l i t y  te: ,  es t imate pcrCormancc of 
MEUF on an a D r i o r i  b a s i s  should be a t t a i n a b l e .  Th is  i s  
a goal o f  c)ur c u r r e n t  r ceewch .  

SUMMll)RY OF PERFORMANCE OF M W  

Th is  s e c t i o n  discusses t h e  s e l e c t i o n  of optimum 
c o n d i t i o n s  .for a p p l i c a t i o n  nf MEUF fnr removal a f  'I'BP 
from wastewater streams. 
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786 DUNN, SCAMEHORN, AND CHRISTIAN 

I n c:: r masn i ri g AF1 r w c f s u  I t. sd 1 1'1 n CJ dot X rt. er i (:IL.I!!!I WF .f w::: t ~b on 
f l u x  o r  permeate pur i , ty .  W f  course, pressidres h i g h  
ennugh t o  cause memL?rarim compre%srj. on shnul. d be avoided I 
b u t  w i t h i n  t.h:is con!!5tr"aint, a% h i g h  a AF"' v r l r ~ u  as, 
p o s s i b l e  should be used t o  minimize membrane area 
rcql.\i I'~E!flrerlt!ni, 

Xn order  t c ,  compare izhe e f f e c t  of membrane pore 
! s ize ,  t h e  clsta p r ~ s i w i t r d  i n  t h i s  paper were aviialyrcd fur 
a fecd being t r e a t e d  from an i n i t i a l  cornposit ion o f  

cornporsitiem o f  225 mM CPC and 22.5 mM TBP w i t h  a AP o f  
414 ~ P P .  'This path is i l l u s t r a t , e d  i n  F i g .  2 ,  alkhnuph 

undesi rab le h i g h  CPC conccnt,rat icms above 225 mM which 
I"i4ive L:)~eri diac:i.ii!i!!6scl were avoid& in thir3 pat t i .  The 
o v e r a l l  permeate composit ion, membrane area r e q u i r e d  per 
rmit ,Flow r a t e  nf 5 ~ 3 l ~ i t i n n  t rea ted l  and t h e  prnduct 
pcrrrwate t a  *f:ecd r a t i o  are r-cpurked i n  'Table 4. 

abul.tt, 17 f1iM CF"C and 1 u . 7  II~M "I"BF' t U  ii% +:inin1 ret&nt,att? 

*the path  W&?S n u t  +ollowo?d .to the g e l  poillk. "Ihe 

rncmkrrarit!! p o r ~ !  62 i % i ric::rm.acscd, membrane a r w  
requirements decrease due t a  g rea te r  f l u x .  'The 
re.jmticwis c:af (3°C arid TBF are maximi.zord fnr t h e  1 OO(3 
and 10 000 NWCU wembraness. A t  l a r g e r  pure sizbiss, 
r e j e c t i o n s  decrease. Recycle (pmrmeate/fred) r a t i o s  a re  

i~~~wi~~+i: : t ,a[J1 y?! 9 2 .  43% . F i x -  al. I c i a ~ s s .  

It i n  i n t , w r m % t , i r i g  to ahwar-vc t,hc trade-wf.Fm CYF 
i ncreasi  ng membrane pore si zo. When i ncreas i  rig pure 
s i z e  from 1 El00 t o  10 000, t h e  membrane area cfecreclrses 
b y  7hX;  thsr~cfure,  o n l y  2!4X 0.f t he  irrairrbrane a r m  
repor ted  i n  our p rev ious  paper (where o n l y  i 000 MWCCI 
inrmbi-anea!i were %ti.nd:i w??d 1 n m d  be ~~!serll w h m n  smp1 cryi ng a 
10 OCW MWCO membrane w i t h  no d e t e r i o r a t i o n  i n  
r e j e c t i o n s .  When t h e  pore %size i s  inc;rraFied from 113 (300 
kc:, 2 0  BOO MWCLI, ,t:hw membr-arre area dec:reasm t:ry 2O%, 
w h i l e  t h e  'TIBP and CPC r e j e c t i o n s  decrease s l i g h t l y .  
When i n c : r w r e i n q  pure rcsixe .+ram xo o m  t u  30 ooo MWCCY? 
t h e  membrane area decreases by 12%, w h i l e  t h e  r e j e c t i u n s  
0.f tmth TRP and CPC dmcrmasev b u t  s t i l l  remained g rea te r  
*than '99% .f:nr thc nrosst puruus irieiirbraris !studied. 

'Thw CMC uf I::;F"'C di:res p r o v i  cle an i ~ p p ~ r  X i mi 1: on 
permeate CPC concen t ra t i ons  (about 0.88 mM (13)) except 
.For c:a'jie wF t h e  50 000 MWCO memhr-cant;?, where si.tl:J!Dt.Inntl 1x1 
m i r e l l e  leakage occurrs. 

The crptimum p w w  % i z c  mernbrmc .for irnse in MEIJF' wi 11 
s t i l l  depend on how pure t h e  permeate must be i n  
mpecif ic a p p l i c a t i u n .  Frnm t h i s  anaIy!si.s, ona car) 
c o n r l  ude t h a t  clespi t e  91 i ght  m i  r e 1  1 e 1 eakrgtr, MWCO 
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788 DUNN, SCAMEHORN, AND CHRISTIAN 

valrnen a.1: 20 000 and 50 000 and perhaps w e n  h ighe r  
r e s u l  t i n e x  t renrel y good r e  j ec t i on char actcr  i s t  i cs wi t h  
minimum membrane area rcquiremcnt,ts and minimr.rm c a p i t a l  
cost. 

F i n a n c i a l  support  for. t h i s  war-k w a ~  prov ided by t h e  
f n l  lowinq organizat ions:  Thm TJ.F.Fiee of Ih!si(: Energy 
Sciences of t h e  Department 0 5  Eneryy - Contr-act DE-ArSO3- 
84ER13175, t h e  Llniver!sit,y nf Ok lah rma Energy Rssnr.~taca,w 
I n s t i t u t e ,  and t h e  Uklahoma Mining and M ine ra l s  
Rs~ources Kwaearch Tnsitni t m t c a .  N-.hwac:dmcyl p y r i  d i  n i  r.m 
c h l o r i d e  (CPC) was c o n t r i b u t e d  by Hence1 Corporat ion.  
Assi !starice was pi-uvi ded by 13bwp.yw A. Smi t .h  ancl L.. I..anc 
Gibbs. 
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