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Filtration Behavior of Suspensions of Uniform 
Polystyrene Particles in Aqueous Media 

K. BRIDGER AND M. TADROS 
MARTIN MARIETTA LABORATORES 
1450 SOUTH ROLLING ROAD 
BALTIMORE. MARYLAND 21227 

W. LEU AND F. TILLER 
UNIVERSITY OF HOUSTON 
DEPARTMENT OF CHEMICAL ENGINEERING 
HOUSTON, TEXAS 77004 

ABSTRACT 

Cake filtration experiments of suspensions of polystyrene 
particles, of uniform morphology, through Nuclepore membranes 
having uniform pores were carried out. 
properties (size and surface charge), suspension properties 
(particle concentration and ionic strength), and applied pres- 
sure were determined. 
conventional Darcy-Ruth filtration equation. Plots of resistance 
versus weight of solids in the cake revealed two distinct regions 
with a transition occurring early on in the filtration process 
at a cake thickness of the order of 1 mm. The initial portion 
has a lower average slope (specific resistance) than that of the 
second region. It is by only plotting this second region (i.e. 
ignoring the initial stages of the filtration process) that ap- 
parent negative values for the medium resistance are obtained. 

the second region, which spans at least 90% of the filtration 
time, was correlated with particle and dispersion properties. 
The specific filtration resistance was essentially independent 
of slurry concentration and of the total applied pressure. 
Specific cake resistance measured at constant pressure and slurry 
concentration showed an inverse dependence on ionic strength. 

The effects of particle 

The results were analyzed in terms of the 

The specific cake resistance obtained from the slope of 
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1418 BRIDGER ET AL. 

This e f f e c t  w a s  more pronounced nea r  t h e  c r i t i c a l  c o a g u l a t i o n  
c o n c e n t r a t i o n  and t h e  f i l t e r  cakes  produced were more porous 
than  those  a t  t h e  lower i o n i c  s t r e n g t h s .  These r e s u l t s  w i l l  be  
d i s c u s s e d  on t h e  b a s i s  of v a r i a t i o n s  i n  both t h e  medium as we l l  
a s  t h e  cake r e s i s t a n c e s  du r ing  t h e  cour se  of f i l t r a t i o n .  

I. INTRODUCTION 

S o l i d - l i q u i d  s e p a r a t i o n s  (SLS) a r e  among t h e  e s s e n t i a l  

o p e r a t i o n s  i n  t h e  p rocess  i n d u s t r i e s .  Two of t h e  major cha l -  

l enges  f a c i n g  i n d u s t r y  i n  t h i s  f i e l d  invo lve  i n c r e a s i n g  pro- 

duc t ion  r a t e s  and d e c r e a s i n g  l i q u i d  c o n t e n t  of t h e  f i n a l  cake.  

I n  a d d i t i o n  t o  t h e  t r a d i t i o n a l  areas i n  t h e  chemica l  and a l l i e d  

f i e l d s  where SLS have been of l ong  s t a n d i n g  importance,  problems 

of energy conse rva t ion ,  p rocess ing  of s o l i d  f u e l s ,  c o a l  s l u r r y  

t r a n s p o r t ,  envi ronmenta l  problems, and mine ra l  p roduc t ion  have 

been r e c e i v i n g  a t t e n t i o n . ( l )  

The area of SLS compr ises  f o u r  s u b f i e l d s  i n c l u d i n g  p r e t r e a t -  

ment, t h i c k e n i n g  ( c e n t r i f u g a l  o r  g r a v i t a t i o n ) ,  p a r t i c u l a t e  sepa- 

r a t i o n  ( f i l t r a t i o n  o r  s ed imen ta t ion )  and p o s t  t r ea tmen t .  This 

a r t i c l e  is addres sed  toward p a r t i c u l a t e  s e p a r a t i o n ,  i n  p a r t i c u l a r  

t o  cake f i l t r a t i o n .  Sepa ra t ion  by sed imen ta t ion ,  f i l t r a t i o n  o r  

c e n t r i f u g a t i o n  is dependent on t h e  n a t u r e  of t h e  p a r t i c l e s  i n  

t h e  f eed  s l u r r y .  The s i z e ,  shape ,  and i n t e r f a c i a l  p r o p e r t i e s  

a l o n g  wi th  hydrodynamical c o n s i d e r a t i o n s  de te rmine  t h e  s t r u c t u r e  

of t h e  porous bed ( cake  or sediment ) ,  produced i n  t h e  s e p a r a t i o n  

process .  The p o r o s i t y  and p e r m e a b i l i t y  ( f low r e s i s t a n c e )  of t h e  

porous beds a r e  fundamental  macroscopic p r o p e r t i e s  which e n t e r  

bo th  t h e o r e t i c a l  and p r a c t i c a l  s t u d i e s .  C o r r e l a t i o n  of t h e  

macroscopic parameters  used i n  continuum e q u a t i o n s  w i t h  p a r t i c u -  

l a t e  p r o p e r t i e s  is of fundamental  s i g n i f i c a n c e  t o  SLS. Bas ic  

p r o g r e s s  i n  t h e  f u t u r e  depends upon expe r imen ta t ion  based on t h e  

use  of w e l l  c h a r a c t e r i z e d  systems. Unfo r tuna te ly ,  t h e r e  is a 

p a u c i t y  of publ i shed  d a t a  i n  which t h e  p a r t i c u l a t e  p r o p e r t i e s  

have been c a r e f u l l y  de te rmined  and combined wi th  a complete and 
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UNIFORM POLYSTYRENE PARTICLES 1419 

accura t e  ana lys i s  of t he  sedimentation and f i l t r a t i o n  behavior 

of t h e  s l u r r i e s .  Grace provided perhaps t h e  only comprehensive 

s tudy i n  which p a r t i c u l a t e  p rope r t i e s  were combined with SLS 

da ta . (2 )  Other workers have produced u s e f u l  d a t a  on c l ays  aggre- 

ga t ed  by polymers(3-5) and polystyrene and s i l i c a ( 6 , 7 )  but  t h e  

f i l t r a t i o n  information w a s  l imi t ed ,  e.g., only f o r  d i l u t e  s l u r -  

ries o r  t h e  e f f e c t  of p re s su re  was not reported.  The ob jec t  of 

t h i s  paper i s  t o  extend the  range of t h e  a v a i l a b l e  da t a .  

The work reported he re in  r ep resen t s  t h e  i n i t i a l  f i nd ings  

from a cont inuing program t o  s tudy t h e  s y n t h e s i s ,  cha rac t e r i za -  

t i o n  and f i l t r a t i o n  behavior of monodisperse polystyrene l a t e x  

d i spe r s ions  over t h e  s i z e  range 0.2-50 m. F i l t r a t i o n  rate 

experiments and p res su re  p r o f i l e  measurements w i th in  t h e  cake 

w i l l  be c a r r i e d  out.  I n  t h i s  s tudy,  t he  e f f e c t s  of i o n i c  

s t r e n g t h ,  s l u r r y  concentrat ion,  and p res su re  have been examined. 

The d a t a  show t h e  i n i t i a l  s t a g e s  of f i l t r a t i o n s  as well a s  t hose  

when a s i g n i f i c a n t  cake has developed. & s u l t s  have been o b  

t a ined  f o r  both s tab le  d i spe r s ions  and those which were aggre- 

gated due t o  the  e l e c t r o l y t e  present .  

I I. EXPERIMENTAL 
A. MATERIALS 

The polystyrene l a t e x  d i spe r s ion  w a s  prepared by t h e  tech- 

nique of seeded emulsion polymerizat ion,(8)  using s t y r e n e  mono- 

mer (Dow Chemical), potassium p e r s u l f a t e  (Baker) and Aerosol MA 

(sodium dihexyl  su l fosucc ina te  -- American Cyanamid). 

t i n g  d i spe r s ion  contained near  monosized p a r t i c l e s  having median 

diameter 0.93 im as measured by e l e c t r o n  microscopy and dynamic 

l i g h t  s c a t t e r i n g .  A t ransmission e l e c t r o n  micrograph of t he  

p a r t i c l e s  is  shown i n  Fig.  1. The s o l i d s  concen t r a t ion ,  de t e r -  

mined by evaporation, w a s  7.8% w/w. A more concentrated sample 

was prepared from the  o r i g i n a l  using a r o t a r y  evaporator.  The 

l a t e x  was extensively dialyzed before  use. 

Ihe r e su l -  
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1420 BRIDGER ET AL. 

FIGURE 1. Transmission electron micrograph of the 0.93 pm poly- 
styrene latex. 

Water was obtained from a deionizing system (Continental 
Water Systems, Inc.). The system includes a pretreatment for 
organic and particulate removal. A l l  chemicals were analytical 

grade. 

B. METHODS 

1. Microelectrophoresis 

Latex samples were diluted to 0.1% solids concentration in 
Electrophoretic mobili- 0.01-0.5M potassium nitrate solutions. 

ties were obtained at 25 2 0 . 2 O C  using the cylindrical cell of a 

microelectrophoresis apparatus (Rank Bros.) from the time meas- 
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UNIFORM POLYSTYRENE PARTICLES 1421 

ured f o r  a particle t o  t r a v e l  one g r a t i c u l e  width of 27 p. 
Times  were gene ra l ly  less than 30 s. The e l e c t r o p h o r e t i c  mobil i ty  

was  ca l cu la t ed  from t h e  average time f o r  10 measurements a t  t h e  

upper s t a t i o n a r y  l eve l .  Similar  times were obtained a t  t h e  

lower l e v e l .  The p o l a r i t y  of t he  c e l l  was reversed between 

successive timings. Zeta p o t e n t i a l s  were ca l cu la t ed  from t h e  

mob i l i t y  d a t a  using t h e  theory of Wiersema e t .  a1.(9) a s  tabu- 

l a t e d  by O t t e w i l l  and Shaw.(lO) 

2. F i l t r a t i o n  

F i l t r a t i o n  d a t a  were accumulated using t h e  apparatus  shown 

i n  Fig. 2. A n i t rogen  cyl inder  supp l i e s  compressed gas  t o  t h e  

system. A mercury manometer was used t o  c a l i b r a t e  t he  p re s su re  

gauge over t he  range 0-100 kPa. 

c r o f t )  was used alone. It was, however, p e r i o d i c a l l y  checked 

“back-to-back“ with another  gauge; t he  discrepancy, i f  any, 

never exceeded t h e  manufacturers s p e c i f i c a t i o n  (+ 3%). 
t h e  s t o p  cock is opened and f i l t r a t i o n  begins,  t he  b a l l a s t  volume 

as su res  an e s s e n t i a l l y  constant  pressure.  

Above 100 kPa t he  gauge (Ash- 

After 

S l u r r i e s  were placed 

Pressure 
gauge 

Mercury Ballast 
volume 

\ 

‘Nitrogen 
cylinder Stopcock Digital Amplifier Chart 

balance recorder 

FIGURE 2. Apparatus f o r  recording constant  p re s su re  f i l t r a t i o n  
r a t e s .  
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1422  BRIDGER ET AL. 

i n  t h e  s t a i n l e s s  s teel  v e s s e l  ( M i l l i p o r e  Ltd.) and f i l t e r e d  

through a polycarbonate  membrane (Nuclepore) having r e g u l a r  

s t r a i g h t  through 0.2-rn pores.  F i l t r a t e s  were c o l l e c t e d  on 

a d i g i t a l  ba lance  whose ou tpu t  w a s  connected v i a  an 

t o  a c h a r t  r eco rde r .  P l o t s  of f i l t r a t e  mass ve r sus  

t h u s  ob ta ined  i n  each  experiment. 

Each sample was prepared f o r  f i l t r a t i o n  as f o l  

a m p l i f i e r  

t i m e  were 

OWS. D i s -  

t i l l e d  water and a measured a l i q u o t  of 1M potassium n i t r a t e  

s o l u t i o n  were mixed t o g e t h e r  i n  a beaker and t h e  d e s i r e d  amount 

of l a t e x  c o n c e n t r a t e  was added. Zhe sample was made up t o  t h e  

r equ i r ed  volume wi th  more d i s t i l l e d  water and allowed t o  s t a n d  

f o r  30 minutes. 

and the  run  began. A t  t h e  end of each  run, t h e  w e t  cake was 

weighed and then  d r i e d  t o  cons t an t  weight i n  a 50°C oven, i n  

o r d e r  t o  deterraine t h e  mass f r a c t i o n  of d ry  s o l i d s ,  sC. 

It was then  poured i n t o  t h e  assembled appa ra tus  

Constant p re s su re  f i l t r a t i o n s  were performed ove r  t h e  pres- 

s u r e  range 1-100 p s i  (7-690 kPa) a t  i o n i c  s t r e n g t h s  0.01 

[KN03] 0.50 M. S l u r r y  c o n c e n t r a t i o n s  v a r i e d  from 4-20%. Most 

f i l t r a t i o n s  u t i l i z e d  100 c d  samples but  20, 200, and 300 cm3 

volumes of s l u r r y  were a l s o  t e s t e d .  Each f i l t r a t i o n  run w a s  

dup l i ca t ed .  

111. DATA TREATMENT AND CALCULATIONS 

F i l t r a t i o n  d a t a  were ana lyzed  us ing  t h e  t r a d i t i o n a l  flow 

equa t ions  i n  r e s i s t a n c e  form ( t o t a l  r e s i s t a n c e  = cake  + medium 

r e s i s t a n c e ) ( l l ) :  

Eqn. ( 1 )  i s  v a l i d  [ r e s t r i c t i o n  d i scussed  by T i l l e r  and Crump(ll)]  

f o r  v a r i a b l e  p ,  aav and R,. 
of t h e  cake. I f  t h e  p re s su re ,  a,, and Rm are assumed c o n s t a n t ,  

i n t e g r a t i o n  l e a d s  to :  

It provides  an  i n s t a n t a n e o u s  view 
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UNIFORM POLYSTYRENE PARTICLES 

aav 

2 Wc + Rm P t I W  = - 
where 

1423 

( 2 )  

p is t h e  a p p l i e d  p r e s s u r e  (Pa)  

t i s  t i m e  (s )  

v is  t h e  volume of f i l t r a t e  p e r  u n i t  c r o s s  s e c t i o n a l  area 

of cake  (m3/m2) 

q = d v l d t  (m/s) 

I.I i s  t h e  v i s c o s i t y  of t h e  f i l t r a t e  (Ns/m2) 

wc is t h e  mass of s o l i d  cake  p e r  u n i t  area (kg/m2) 

a,, is the average  s p e c i f i c  cake  r e s i s t a n c e  (m/kg) 

R,,, i s  t h e  medium r e s i s t a n c e  ( l / m > .  

Equat ion  ( 2 )  i s  inadequa te  whenever t h e  medium r e s i s t a n c e  Rm has  

a va lue  comparable t o  t h e  cake r e s i s t a n c e  R, = aavwc. 

Values f o r  wc were c a l c u l a t e d  from f i l t r a t e  volumes u s i n g  

t h e  mass ba lance  r e l a t i o n s h i p :  

Ps 
wc = - . v  ( 3 )  

1-s/sc 

where p i s  t h e  f i l t r a t e  d e n s i t y  (kg/m3), and s and sc are t h e  

mass f r a c t i o n s  of s o l i d  i n  t h e  s l u r r y  and cake ,  r e s p e c t i v e l y .  

Note t h a t  because sc was o n l y  measured a t  t h e  end of t h e  f i l t r a -  

t i o n  p rocess  i t  was assumed c o n s t a n t  ( v a l i d  only  when Apc i s  

c o n s t a n t )  throughout t h i s  p a r t i c u l a r  exper iment .  For each  v a l u e  

of  wc, q was c a l c u l a t e d  from Av/At, u s i n g  1 cm3 increments  i n  

t h e  raw da ta .  These c a l c u l a t i o n s  were performed by a F o r t r a n  

program and t h e  d a t a  were ou tpu t  t o  a p l o t t e r  (Tek t ron ix ) .  

smoothing of t h e  d a t a  was a t tempted .  

No 

IV. RESULTS AND DISCUSSION 

F i g u r e  3 shows t y p i c a l  p l o t s  of p/Irq and p t / w  v e r s u s  

wc,  ob ta ined  f o r  a c o n s t a n t  p r e s s u r e  f i l t r a t i o n .  The curves  
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1424 BRIDGER ET AL. 

E 
4 3 

FIGURE 3 .  p/pq and p/pqav versus wc for constant pressure filtra- 
tion ( p  = 5 p s i ,  s = 3 . 9 % ,  and I = 0.01 M ) .  

comprise two distinct regions with a transition occurring at 

wc = 1 kg/mL. 

as required by equations (1) and (2). Figures 4 and 5 show that 
when different volumes of slurry are filtered under similar 

conditions the graphs are superimposable, e.g., filtration of 

20 c d  of slurry gave the initial portion with no break-point, 

whereas when 300 c d  slurry are filtered the second linear region 

was extended with no curvature. The initial part of the curves, 

up to wc = 1.0 kg/m2, show slight curvature indicating increasing 

aav. The average slope of the p/Pq curve is, however, approx- 

imately twice that of the pt/W plot over this range and so the 

values of Rm and aav are not  changing significantly. 

Both curves share a common intercept at wc = 0 
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UNIFORM POLYSTYRENE PARTICLES 1425 

FIGURE 4 .  Superimposed filtration data for different volumes of 
slurry, 20 cm3 and 100 cm3 (p = 2 psi, s = 3 .9%,  and 
I = 0.01 M). 

In the region of wc = 1 kglm 2 (cake thickness L ,  1 . 5  mm) 

there is a rapid change of slope. 
undergoes a transformation at this point leading to a more c o w  

pact structure with higher resistance. 
a,,, and possibly R,, the assumptions implicit in equation (2 )  

no longer hold. 
we yields an apparent negative medium resistance. 
absurd extrapolation is thought to be due to medium blinding.(l) 

It is postulated that the cake 

Due to this change in 

After the transition the plot of p/pq versus 
This apparently 

Further investigation into the nature of this transition 
was conducted by recording scanning electron micrographs of the 
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1426 BRIDGER ET AL. 

E 
4 4 , z 

X 
I 

L 
0 

0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0 6.8 

-2  w (kg m 1 
C 

F I G U R E  5. Superimposed f i l t r a t i o n  d a t a  f o r  d i f f e r e n t  volumes of 
s l u r r y ,  100 cm3 and 300 cm3 ( p = 10 p s i ,  s = 3 .9%,  
and I = 0.01 M). 

d r i e d  cakes  f o r  f i l t r a t i o n s  t e rmina ted  be fo re  and a f t e r  t h e  

t r a n s i t i o n  reg ion .  A series of t h e s e ,  which were rep roduc ib le ,  

are shown i n  Fig.  6. The top  of t h e  cake shows c l o s e l y  packed 

s p h e r e s  i n  both  cases; however, t h e  bottoms of t h e  cakes  appear  

d i f f e r e n t  be fo re  and a f t e r  t h e  t r a n s i t i o n .  When 100 c m 3  of t h e  

s l u r r y  w a s  f i l t e r e d  t h e  bottom of t h e  d r i e d  cake  shows well 

packed spheres .  

t h e  bottom of t h e  cake appea r s  h i g h l y  porous.  I n  f a c t ,  t h e  

va lue  ob ta ined  f o r  t h e  average  p o r o s i t y  of t h e  former cake w a s  

( E~~ = 0.46) whereas t h e  va lue  f o r  t h e  l a t t e r  cake was 

( E ~ ~  = 0.37). 

When only  20 c d  of t h e  s l u r r y  was f i l t e r e d ,  

These o b s e r v a t i o n s  sugges t  t h a t  t h e  cake 
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UNIFORM POLYSTYRENE PARTICLES 1427 

FIGURE 6.  Scanning e l e c t r o n  micrographs of cakes  formed b e f o r e  
and a f t e r  t h e  t r a n s i t i o n  r eg ion :  a )  t op  b e f o r e  t r a n s i -  
t i o n ;  b) t op  a f t e r  t r a n s i t i o n ;  c )  bottom b e f o r e  t r a n s i -  
t i o n ;  and d )  bottom a f t e r  t r a n s i t i o n  (p = 2 p s i ,  
s = 3 . 9 % ,  and I = 0 .01  M ) .  

i n i t i a l l y  forms as a d e n d r i t i c  growth which l e a d s  t o  a very 

porous s t r u c t u r e  a t  t h e  cake-medium i n t e r f a c e ,  and t h i s  l a t e r  

c o l l a p s e s  a t  some c r i t i c a l  po in t .  Table 1 l ists  t h e  p/pq and 

wc v a l u e s  a t  which t h e  t r a n s i t i o n  occurs .  Note t h a t  t h e  v a l u e s  

are independent of t h e  a p p l i e d  p res su re ,  which would not  be t h e  

case i f  t h e  t r a n s i t i o n  p o i n t  was dependent upon t h e  s o l i d  com- 

p r e s s i v e  p re s su re ,  ps. 

The second l i n e a r  r eg ion  beginning  a t  wc v a l u e s  of - 1 kg/m2 

could be e x t r a p o l a t e d  t o  g r e a t e r  cake t h i c k n e s s e s  (cf Fig. 5 ) .  
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1428 BRIDGER ET AL. 

TABLE 1 

Values of p/m and wc at Transition Points 

Ionic Filtration 
Strength Pressure 
-- (MI (psi) ~~(1.05 kg/m ) p/m ?: .2(*10-12 rn-') 

Tra sition Points 9 
0.01 1 1.07 

2 1.05 
5 1.11 
10 1.14 
20 1.20 
50 1.24 
100 1.02 

0.10 1 
2 
5 
10 
20 
50 
100 

0.50 1 
2 
5 
10 
20 
50 

100 

1.05 
1.12 
1.10 
1.17 
1.13 
1.23 
1.09 

.87 

.99 

.97 
1.00 
1.03 
.69 

4.4 
5.1 
4.7 
4.5 
3.8 
4.2 
4.1 

2.1 
3.9 
3.7 
3.7 
3.2 
3.1 
3.8 

- 
1.2 
1.4 
1.8 
1.9 
1.8 
1.8 

In most cases this region will cover by far the greater time 

period of the filtration, and it is this region which is usually 

recorded in filtration experiments. In the following discussion, 

therefore, the effects of dispersion properties upon filtration 

behavior will be judged according to the slope of this line, 

which will be designated as the specific cake resistance. Note 

that in this analysis, the value of p/m at the transition 
point may be considered an apparent medium resistance, which is a 

composite value comprising the initial medium resistance, the 
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UNIFORM POLYSTYRENE PARTICLES 1429 

r e s i s t a n c e  of t h e  cake formed before  the  t r a n s i t i o n ,  and any 

medium bl inding occurr ing i n  the  i n i t i a l  s t ages  of cake build-up. 

A fundamental property of c o l l o i d a l  d i spe r s ions  is  the  

manner i n  which the  p a r t i c l e s  i n t e r a c t  with each o t h e r ,  and t h i s  

i s  of g r e a t  importance i n  cake formation. In  t h e  case of charge 

s t a b i l i s e d  d i spe r s ions ,  such as polystyrene l a t e x e s ,  t hese  i n t e r -  

a c t i o n s  may be va r i ed  by ad jus t ing  t h e  6-potential .  This is 

achieved by a d d i t i o n  of an e l e c t r o l y t e  which may e i t h e r  specif-  

i c a l l y  adsorb on the p a r t i c l e s  o r  merely raise t h e  i o n i c  s t r e n g t h  

of t he  continuous phase. Figure 7 shows the  v a r i a t i o n  of s p e c i f i c  

cake r e s i s t a n c e  with i o n i c  s t r e n g t h  (potassium n i t r a t e  concentra- 

t i o n )  f o r  a series of d i f f e r e n t  pressures .  For a l l  t h e  p re s su res  

s tud ied  a decreases  with inc reas ing  i o n i c  s t r eng th .  Figure 8 

shows some more d e t a i l e d  d a t a  f o r  p = 10 p s i  (69 kPa). 

The e r r o r s  depicted here  (+ 13%) are nuch higher  than 

would be expected from the  good overlap seen i n  Figs.  4 and 5. 

They r e s u l t  from the  t i m e  i n t e r v a l  s epa ra t ing  the var ious experi-  

ments. Runs performed on the  same day reproduced each o t h e r  

almost exac t ly ,  whereas runs separated by a period of one month 

did not .  In gene ra l ,  t he  s p e c i f i c  f i l t r a t i o n  r e s i s t a n c e  appeared 

t o  inc rease  with age of t h e  dispers ion.  It is suspected t h a t  

t h i s  ageing e f f e c t  is due t o  t he  inc reas ing  q u a n t i t i e s  of smaller  

p a r t i c l e s  and a TEM of the  d i spe r s ion  taken 10 months a f t e r  i t s  

preparat ion showed some broadening of t h e  s i z e  d i s t r i b u t i o n .  

Because t h i s  e f f e c t  was not expected, i t  has not been s tud ied  

sys t ema t i ca l ly  and has been included a s  an e r r o r .  

A l s o  p l o t t e d  on Figure 8 a r e  the  measured 5 p o t e n t i a l s  f o r  

t h e  l a t e x  under those condi t ions of i o n i c  s t r eng th .  A t  most of 

t he  i o n i c  s t r e n g t h s  s tud ied ,  t he  l a t e x  showed l i t t l e  s ign  of 

coagulat ion a f t e r  s tanding f o r  one hour and the  p o r o s i t i e s  of t he  

cakes d i d  not vary (caV = 0.37). However, a f t e r  s tanding f o r  one 

hour i n  t h e  presence of 0.5M K N O 3 ,  t h e r e  was a considerable  degree 

of coagulat ion,  and the  cakes formed were more porous ( E ~ ~  = 
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1470 BRIDGER ET AL. 

log (IJ 

!:I(;UKE 7 .  E f f e c t  of  i o n i c  s t r e n g t h  I upon s p e c i f i c  c a k e  r e s i s t a n c e  
1, f o r  p r e s s u r e s  1, 5,  1 0 ,  50, and 100 p s i .  

0 . 4 3 ) .  The s p e c i f i c  c a k e  r e s i s t a n c e  d e c r e a s e s  as 5 becomes less 

n e g a t i v e ;  and F i g u r e  9 shows a p l o t  of l o g  a v e r s u s  5. L i n e a r  

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

of -0.82 and a s l o p e  of -5 x It i s  e v i d e n t  t h a t  t h e  

v a r i a t i o n  of  a w i t h  5 i s  t o o  small compared t o  t h e  e x p e r i m e n t a l  

e r r o r s  to be a b l e  t o  p i n  down t h e  e x a c t  n a t u r e  of  t h i s  r e l a t i o n -  

(mV-l). 

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



UNIFORM POLYSTYRENE PARTICLES 1431 

0 0  

0 - 

0 
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FIGURE 9. L o g a v e r s u s  5 (a v a l u e s  f o r  p = 10 p s i ) .  

s h i p  a t  t h i s  t i m e .  The e f f e c t s  are more pronounced, however, 

when comparing t h e  c o m p r e s s i b i l i t i e s  of cakes formed from 

s t a b l e  (h igh  5) and u n s t a b l e  (low 5 )  d i s p e r s i o n s .  

F igure  10 shows p l o t s  of a ve r sus  p f o r  t h e s e  i o n i c  s t r e n g t h s  

on a Log-log sca l e .  Above 10 p s i  (69  kPa) t h e  v a r i a t i o n  of a 

w i t h  p appears  small € o r  each  i o n i c  s t r e n g t h ,  i.e., t h e  cakes 

a r e  incompress ib le .  However, between 1 and 10 p s i  (7-69 @a) 

t h e  cakes formed from s l u r r i e s  having i o n i c  s t r e n g t h  I = 0.5 M 
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UNIFORM POLYSTYRENE PARTICLES 1433 

Ionic Strength 

1 I I I 1 1 1 1  A 0- 
1 ' ' 1  

I I 1 I I 1  1 1 1 1  I 1 1 1  1 

10 20 40 60 80 100 200 400 kPa 

FIGURE 10. Effect of pressure on specific filtration resistance 
for ionic strengths of 0.01 M, 0.10 M, and 0.50 M. 

show a consistent increase in a with p. It can be seen that the 
increase in cake permeability gained from filtering an aggregated 
slurry as opposed to the unaggregated slurry is greater at low 

filtration pressures. The incompressibility of the cakes at 
pressures above 10 psi (69 Wa) was confirmed by filtration 
experiments during which the applied pressure was varied from 
10-50 psi (69-345 @a). 'he filtration was begun at a pressure 

of 10 psi and this was raised, stepwise, by 2 psi for every 5 g 
of filtrate. Figure 11 shows the resistance plot obtained for 
ionic strength 0.01 M; the other ionic strengths gave similar 
plots. The plot of pt/w shows the steps corresponding to 
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1434  BRIDGER ET AL.  

F I G U R E  11. p/lAq and p/vqav f o r  v a r i a b l e  p r e s s u r e  f i l t r a t i o n  
(10 < p C 50 p s i ,  s = 3 . 9 % ,  I = 0.01 M ) .  - -  

t h e  i n c r e a s e s  i n  p re s su re .  

sists of two s t r a i g h t  l i n e s .  If t h e  cake were compress ib l e  

( i . e . ,  \ : increases  wi th  p) t h e n  t h e  g raph  would show a curve  

convex t o  t h e  wc a x i s .  The s p e c i f i c  cake r e s i s t a n c e s  measured 

from t h e  v a r i a b l e  p r e s s u r e  exper iments  were similar t o ,  bu t  

lower t h a n ,  t h e  average  v a l u e s  ob ta ined  from t h e  c o n s t a n t  pres -  

s u r e  f i l t r a t i o n s .  The v a l u e s  are as fo l lows:  

The p/uq v e r s u s  wc g raph  con- 

I o n i c  S t r e n g t h  ( M ) :  0.01 0.10 0.50 
a f r o m  v a r i a b l e  p r e s s u r e  

(x10-12 m/kg) : 6.5 4.6 3.0 

Average a from cons t .  p r e s s u r e  

(x10-12 m/kg) : 8.0 6.7 3 . 3  
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UNIFORM POLYSTYRENE PARTICLES 1435 

The nature of these data has required a re-evaluation of 
the basic constitutive equations(l2-14) used to relate porosity 
E and specific flow resistance ato the effective pressure ps. 
Combined with Darcy's law and material balance, the constitutive 
relations provide formulas relating pressure volume and time. 
For cakes consisting of hard particles which do not change shape, 
the initial open structure laid down under a null stress under- 
goes compression until a minimum porosity is reached under in- 
creasing stress. While E decreases from some value E~ to a 

minimum Em, the flow resistance increases from o,, to the maxi- 
m m  a,. 
i s  covered in approaching minimum values of E and maximum values 
of a. Data taken with particles used in this investigation 
indicate that a much lower pressure (possibly 1 atmosphere) 

appears to yield Eo and am. Inasmuch as the power functions 
of ps commonly in use do not yield limiting values of E and a as 
required theoretically, new expressions mst be obtained to 
represent the data of this investigation. 

Normally a wide range of pressure (100 atmospheres) 

A final effect worth mentioning is that of the slurry con- 
The experiments described above were all performed centration. 

on slurries having a 4% solids concentration. Figure 12 shows 
that, at least for I = 0.01 M and p = 10 psi (69 @a), a unique 
resistance plot is obtained for slurry concentrations from 4-20%. 
A more detailed study of the filtration behavior of polystyrene 
latex at higher slurry concentrations will be the subject of a 
forthcoming publication. 

v. SUMMARY 

Resistance plots for filtration of 1-WI polystyrene 
latex particles show two regions with a transition at 
wc - 1 @/m2 
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L 
0 

FIGURE 1 2 .  p/)lq versus wc f o r  constant  p re s su re  f i l t r a t i o n  of 
s l u r r y  concentrat ions:  3.9%, lo%, 15%, and 20% 
( p  = 10 psi, I = 0.01 M). 

The cake s t r u c t u r e  before  t h e  t r a n s i t i o n  is more porous 

than t h a t  a f t e r  t h e  t r a n s i t i o n  -- e s p e c i a l l y  a t  the  cake/ 

medium i n t e r f a c e  

The s p e c i f i c  cake r e s i s t a n c e  decreased as the  abso lu te  

value of z e t a  p o t e n t i a l  decreased 

Under e l e c t r o l y t e  condi t ions where t h e  l a t e x  w a s  s t a b l e ,  

incompressible cakes were formed (1 p 100 p s i )  

A t  high i o n i c  s t r e n g t h  when the  l a t e x  was unstable ,  t he  
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5 

cakes appeared compressible over the pressure range 

1 - 10 psi 

Specific cake resistance was independent of the solid 
concentration in the latex up to a value of 20% 

NOMENCLATURE 

Ionic strength (mole/L3) 
Applied filtration pressure (F/L2) 
Solid compressive pressure at distance x from medium 

Pressure drop across the cake ( F/L2> 
Rate of flow of liquid (L/T) 
Average rate of flow of liquid as defined by v/t (L/T) 
Medium resistance (1/L) 
Mass fraction of solids in slurry (-) 
Average mass fraction of solids in cake (-) 

Time (T) 
Filtrate volume per unit filtration area (L3/L2) 

(F/L~) 

Mass of dry solids per unit area (M/L 2 ) 

Local specific filtration resistance (L/M) 
Average specific filtration resistance (L/M) 
Initial specific filtration resistance at ps = 0 (L/M) 

Limiting specific filtration resistance 
Local porosity of filter cake (-) 
Average porosity (-) 

Initial local porosity at ps - 0 (-) 
Limiting local porosity (-) 
Viscosity of liquid (M/LT) 

Density of liquid (M/L3) 

True solid density (M/L3) 
Zeta potential (ML2/AT3) (V) 
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