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ABSTRACT

The floccu lation  of a  d ilu te  su sp e n s io n  of silica  p a r tic le s  (size  
ra n g e  1-3 p.m) h a s  been  s tu d ie d  u s in g  six  cation ic  poly e le c tro ly te s .

The floccu lation  p ro c e ss  is  m onitored by  an op tica l m ethod which 

m easu res th e  f lu c tu a tio n s  of l ig h t in te n s ity  tra n sm itte d  th ro u g h  th e  

flow ing su sp en s io n . An in c re a se  in  l ig h t  in te n s ity  f lu c tu a tio n s  
in d ic a te s  a g g re g a tio n  of p a r tic le s . The re d u c tio n  in  p a rtic le  

c o n ce n tra tio n s  d u e  to  a g g re g a tio n  can  be confirm ed by  C oulter 

co u n tin g .
The c h a rg e  n e u tra liz a tio n  e ffe c t of th e  ad so rb ed  polym er is  th e  

main m echanism  fo r  floccu lation . The am ount of p o sitiv e  c h a rg e  
a d so rb ed  a t  optimum d o sage  is  ab o u t th e  same fo r  all of th e  polym ers 

u sed . The re v e rs a l  of p a r tic le s  c h a rg e  is  also fo u n d  to  o ccu r a t  a 

dosage  v e ry  c lose to  th e  optimum floccu lation  dosage . However/ th e  

c h a rg e  d e n s ity  and  th e  m olecular mass of th e  polym er can  a ffe c t th e  

ra te  of floccu lation . The polym er a d so rp tio n  ra te  can  be slow 

com pared  to  th e  p a rtic le  collision ra te  in  a d ilu te  su sp e n s io n , espec ia lly  
when th e  polym er is  of low c h a rg e  d e n s ity  an d  low m olecular m ass. A 
h ig h  m olecular mass polym er of 30% c h a rg e  d e n s ity  is  fo u n d  to  be th e  
most e ffec tiv e  flo ccu lan t.

The ra n g e  of e ffe c tiv e  floccu lation  d o sag es  is  le s s  c r itic a l in  th e  
p re se n c e  of ad d ed  e le c tro ly te  b u t  th e  h ig h e s t  floccu lation  ra te  alw ays 

o c cu rs  in  th e  a b sen ce  of sa lt . As th e  p a r tic le s  a re  n e u tra liz ed  by 

b o th  th e  ad d ed  e le c tro ly te  and  th e  a d so rb e d  polym er, a  low er polym er 
dosage  is  ab le  to  b r in g  ab o u t e ffec tiv e  floccu lation  in  s a lt  so lu tion .

The c h a rg e  sc re e n in g  e ffe c t of th e  ad d ed  e le c tro ly te  allows h ig h e r  

polym er d o sag es  to  g ive  e ffec tiv e  floccu lation  b e fo re  p a r tic le s  become 

re s ta b iliz e d  due  to  ex cess  polym er. The n eed  to  d isp lace  ad so rb ed  

ions is  th o u g h t to  be re sp o n s ib le  fo r  th e  low ering  of th e  optimum 

floccu lation  ra te . The la rg e r  th e  size  of c o u n te r - io n s  to  th e  p a rtic le s  
th e  g re a te r  is  th e  e ffe c t on th e  low ering  of th e  ab ility  of polym er to  

cau se  floccu lation . The size , d e g re e  of h y d ra tio n  an d  ad so rb ab ility  of 

io n s  a re  in te rd e p e n d e n t. The s ta b ility  of th e  d isp e rs io n  is  fo u n d  to  

be d e p e n d e n t on th e  ionic s t r e n g th ,  th e  ty p e  of e le c tro ly te s  an d  th e  

c h a ra c te r is t ic s  of th e  polym ers.
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CHAPTER OWE

INTRODUCTION

1.1. G eneral B ackground

F locculation  of p a r tic le s  is  an  e sse n tia l s ta g e  in  many so lid /liq u id  
s e p a ra tio n  p ro c e sse s . Some p a r tic le s , p a r tic u la r ly  th o se  in  th e  

colloidal s ize  ra n g e  (1-1000 nm ), a re  n o t eas ily  s e p a ra te d  by  p ro c e sse s  

su ch  a s  sed im en ta tion , f il tra tio n  o r  flo ta tio n . F locculation  of su c h  
p a r tic le s  p r io r  to  u s in g  th e s e  p ro c e sse s  is  n e c e s sa ry  to  im prove th e  

se p a ra tio n  p ro c e ss . I t  p lay s  an  im p o rtan t ro le  in  many s e p a ra tio n s  
in c lu d in g  th e  rem oval of p a r tic le s  in  th e  tre a tm e n t of p o tab le  w ater 
a n d  th e  re c o v e ry  of m etals in  m ineral p ro c e ss in g . The fo rm er is  an  
ap p lica tio n  w here th e  so lid  p h a se  is  to  b e  rem oved, w hereas in  th e  

la t te r  th e  so lid  p h ase  is  to  be  re c o v e re d . In  b o th  c a se s , th e  
floccu lation  of p a r tic le s  p lay s  a key  ro le  in  th e  se p a ra tio n  p ro c e ss .

P a rtic le s  in  aq u eo u s  sy stem s  a re  o ften  c h a rg e d  an d  th e  e lec tr ic a l 
re p u ls io n  betw een  them  is  re sp o n s ib le  fo r  th e i r  re s is ta n c e  to  
a g g re g a tio n . The p a rtic le s  a re  sa id  to  be  d e stab iliz ed  when th e  

re p u ls io n  fo rc e s  betw een  them  a re  e lim inated  o r  re d u c e d  to  an  e x te n t 
th a t  th e s e  p a r tic le s  's t ic k ' to g e th e r  on collision to  form  an  a g g re g a te . 
The r a te  of floccu lation  is  a  fu n c tio n  of collision ra te  an d  collision 

e ffic ien cy . The s t r u c tu r e  an d  th e  p h y s ica l p ro p e r tie s  of th e  floes 
form ed h ave  an  im p o rtan t co n seq u en ce ; th e y  d e term ine  how su cc e ss fu l 

th e  fo llow -up s e p a ra tio n  p ro c e ss  will be . D espite th e  co n sid e rab le  

r e s e a rc h  which h a s  b een  made on th e  re la tio n sh ip  betw een  experim en tal 

co n d itio n s  of th e  floccu lation  p ro c e ss  an d  th e  p ro p e r tie s  of th e  floes 
form ed, much rem ains to  be  e lu c id a ted .

P rev io u s  work on th e  n a tu re  of th e  s u r fa c e  of su sp e n d e d  

p a r tic le s , th e  fo rc e s  in v o lv ed  in  th e  s ta b ility  of p a r tic le s  and  th e  
d estab iliza tio n  of p a r tic le s  in  aq u eo u s  so lu tio n s  by o rg an ic  polym eric 

f lo ccu lan ts  a re  rev iew ed  in  C h ap te r Two. The collision m echanism s 

an d  floccu lation  k in e tic s , an d  th e  p h y s ica l p ro p e r tie s  of th e  r e s u l ta n t  

floes a re  d e sc r ib e d . While th e  tre a tm e n t of f r e s h  w aters  to  rem ove 

su sp e n d e d  p a r tic u la te  m atte r is  well docum ented , re la tiv e ly  li t t le
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r e s e a rc h  h a s  b een  done on th e  tre a tm e n t of sea  w ater. Sea w ater 

floccu la tion  is  an  im p o rtan t p ro c e ss  in  th e  tre a tm e n t of in je c tio n  w ater 
(sec tio n  1.2.3.) fo r  sec o n d a ry  oil re c o v e ry  p ro c e ss  an d  a s  a 

p re tre a tm e n t p ro c e ss  fo r  se a  w ater d esa lin a tio n  by r e v e r s e  osm osis.
The p re s e n t  work in v e s t ig a te s  polym eric floccu lation  of su sp e n d e d  
s ilica  p a r tic le s  in  h ig h  s a l t  so lu tio n s .

1.2. W ater T rea tm en t F o r Oil R ecovery  P ro ce sse s

Oil is  g en e ra lly  fo u n d  in  p o ro u s  sed im en ta ry  ro ck  which is  cap p ed  

w ith a  la y e r  of im perm eable ro ck , form ing th e  oil re s e rv o ir .  Oil and  

g a s  a re  fo rce d  to  th e  su r fa c e  by  n a tu ra l  re s e rv o ir  p re s s u re  when th e  
d rillin g  of th e  r e s e rv o ir  b eg in s . The p re s s u re  d iffe ren c e  betw een  th e  

p ro d u c tio n  well an d  th e  oil r e s e rv o ir  in flu en c es  th e  r a te  of oil 

p ro d u c tio n . The re s e rv o ir  p r e s s u re  will re d u c e  a s  th e  oil is  be ing  

p ro d u c e d  an d  th e  p ro d u c tio n  r a te  will s t a r t  to  decline. In  o ff -sh o re  

sec o n d a ry  oil re c o v e ry , sea  w ater is  in je c te d  in to  th e  re s e rv o ir  to  
m aintain  form ation  p re s s u re  an d  p ro d u c tio n  ra te .  The perm eab ility  of 
th e  r e s e rv o ir  is  liab le  to  im pairm ent i f  th e  in je c tio n  w ater is  n o t 
p ro p e r ly  t r e a te d  to  rem oved su sp e n d e d  p a r tic u la te  m atte r. The 

re q u ire d  q u a lity  of th e  in je c tio n  w ater is  d ic ta te d  by  th e  p o re  size  of 
th e  ro ck  fo rm ation . T ypically , 650-2600 m3/ h  of w ater is  re q u ire d  fo r 

in je c tio n  an d  95-98% rem oval of p a r tic le s  g re a te r  th a n  2 um, is  re q u ire d  
fo r  a  medium perm eab ility  form ation  (A bdel-G hani e t  al, 1988). As 
p o ro s ity  and  perm eab ility  v a ry  th ro u g h o u t th e  ro ck  form ation  an d  new 

re s e rv o ir s  com ing in to  u se  a re  more im perm eable, th e  re q u ire m e n ts  fo r 
in je c tio n  w ater w ith r e s p e c t  to  p a r tic u la te  co n tam in an ts  have  become 

more s t r in g e n t .

1.2.1. Composition of Sea W ater

Sea w ater is  a  c o n c e n tra te d  an d  complex so lu tion . I t  c o n s is ts  of 

a  la rg e  v a r ie ty  of in o rg a n ic  io n s , in  w hich Na+ an d  Cl~ p redom inate . 

Table 1.1 l is ts  th e  c o n c e n tra tio n s  of m ajor c o n s ti tu e n ts  of a ty p ic a l 

N orth  Sea w ater sam ple. Sea w ater a lso  c o n ta in s  d isso lv ed  s u b s ta n c e s  

d e r iv e d  from  th e  d e g ra d a tio n  of n a tu ra l  p ro d u c ts  of m arine an d  
t e r r e s t r i a l  o rig in . T h e re  a re  a lso  su sp e n d e d  p a r tic u la te  m atte r su ch
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oxides, c a rb o n a te s , w ea th ered  a lum inosilicates, liv ing  and  dead  
m icro -o rgan ism s. The so u rc e s  of th e s e  d isso lv ed  an d  su sp e n d e d  

m ateria ls  come from  r iv e r s ,  g ro u n d w a te rs , a tm ospheric  p re c ip ita tio n  and  

to  a small e x te n t from  m arine e ro sio n  an d  su b m arin e  vo lcan icity . Hahn 
an d  Stumm (1970) o b ta in ed  an  a v e ra g e  value  fo r  th e  tu rb id i ty  of 

co n tin e n ta l ru n o ff  of th e  o rd e r  of 0.9 g/1 b ased  on an  estim ated  values 

of th e  su sp e n d e d  load c a r r ie d  by  m ajor r iv e r s  an d  of th e  to ta l ru n o ff  

made by  T u rek ian  in  1968. The re s id u a l solid  c o n te n t in  deep  ocean 

w ater is  co n s id e rab ly  re d u c e d  to  ab o u t 0.05 -  0.1 mg/1 (Jacobs and  

Ew ings 1969) th ro u g h  sed im en ta tion  of su sp e n d e d  p a r tic u la te  m atter.

Table 1.1. A ty p ic a l com position of N orth  Sea W ater (M ajor Ions) 

(M cKechnie, 1986)

Major ions C o n cen tra tion  mg/1

Na+ 11000

Ca2+ 400

Mg2+ 1250

S042" 2500

CIO4- 140

ci- 19800

The p rin c ip le  of c o n s ta n t ra tio  betw een  th e  s a lts  in  ocean w ater 

was la id  down by  Forchham m er in  1864 an d  firm ly e s ta b lish e d  by 

D ittm ar in  1884 (Lyman an d  Flem ing 1940). The work h a s  show n th a t  

c e r ta in  c o n s ti tu e n ts  b e a r  a v ir tu a lly  c o n s ta n t ra tio  to  th e  to ta l s a lt  and  

th e s e  a re  r e f e r r e d  to  a s  m ajor c o n s ti tu e n ts  of sea  w ater. The 
chem ical com position of sea  w ater is  fa ir ly  c o n s ta n t, d e sp ite  any  

sea so n a l v a ria tio n s  an d  th e  in d iv id u a l c h a ra c te r is t ic s  of d if fe re n t 

oceans a ro u n d  th e  w orld. In  a  r e c e n t  s tu d y  (Adin an d  K lein-B anary 

1986), e leven  M ed iterranean  sea  w ater sam ples w ere c h a ra c te r is e d .

The r e s u l ts  w ere as  follows: sa lin ity  (30.06 -  38.88 o /oo), pH (7.9 -  8.2), 

to ta l su sp e n d e d  so lid s  (7.6 -  35.4 mg/1), tu rb id i ty  (1.0 -  17.5 NTU),
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num ber of a lgae  (63 -  2650 cells/m l) an d  to ta l  p a r tic le  c o u n ts  fo r  

4 -  300 \im  ra n g e  (1072 -  5292 p a rtic le s /m l) . The above d a ta  i l lu s tra te  
th a t  th e  com position of sea  w ater does n o t v a ry  v e ry  m uch.

T h ere  a re  a  n um ber of chem ical an d  p h y sica l p ro c e sse s  o p e ra tin g  

to  m aintain th e  co n sis te n cy  of sea  w ater. C o n cen tra tio n s  of d isso lved  

m ateria ls  a re  m ain tained  by  e i th e r  in o rg a n ic  p ro c e sse s , su c h  a s  

p re c ip ita tio n  o r  re a c tio n  w ith so lid  p h a se s , o r  b iological p ro c e sse s  

e .g . in c o rp o ra tio n  in to  sk e le ta l m ateria l. Sedim entation  an d  ho rizo n ta l 

t r a n s p o r t  of su sp e n d e d  p a r tic u la te  m a tte r de term in e  th e  d is tr ib u tio n  
an d  com position of th e  su sp e n d e d  p h ase  an d  sed im en ts  (G ibbs, 1977). 

The pH in  sea  w ater is  co n tro lled  th ro u g h  th e  whole s e t  of ionic 
e q u ilib ria  in v o lv in g  a ll of th e  m ajor io n s  in  sea  w ater (W angersky ,

1972); th e  sam e m echanism  c o n tro ls  th e  ra tio s  of m ajor ions.

1.2.2. P a rtic u la te  M atter in  Sea W ater
The main com ponents of p a r tic u la te  m a tte r from  th e  co as ta l N orth 

Sea w ere id e n tif ie d  to  be  m icro -o rgan ism s, d e t r i tu s  of dead  an d  liv ing  

o rg an ism s, q u a r tz  an d  c lay  m inerals b y  m icroscopic an d  X -ray  
exam ination (H u n te r, 1980). S u sp en d ed  p a r tic u la te  is  m ostly n eg a tiv e ly  

c h a rg e d  due  to  an  a d so rb e d  la y e r  of m etallic oxide a n d /o r  o rg an ic  
su r fa c e  ac tiv e  m ateria ls  which dom inates th e  su rfa c e  p ro p e r tie s .
Neihof an d  Loeb (1972) s tu d ie d  th e  su r fa c e  c h a rg e  of p a r tic u la te  m atte r 
in  se a  w ater. They p ro p o sed  s e v e ra l in te ra c tio n  m echanism s in c lu d in g  
Coulombic a ttra c t io n , ad so rp tio n  by  van  d e r  Waals fo rc e s , h y d ro g e n  

b o n d in g , se lec tiv e  an ion  a d so rp tio n  o r  c e r ta in  d e so rp tio n  an d  some 

com plicated in te ra c tio n  w ith e lec tro p o s itiv e  so lu te s . G ibbs (1977) 

re p o r te d  th e  th ic k n e s s  of oxide c o a tin g s  on c lay  p a r tic le s  ra n g in g  from  
210 m olecular la y e r s  on th e  0.1 \im  s ize  fra c tio n  to  4,000 m olecular 

la y e r s  on th e  3 .5  ii/n s ize  fra c tio n . Neihof an d  Loeb (1974) have  

show n th a t  b o th  ty p e s  of p o sitiv e ly  c h a rg e d  an d  n eg a tiv e ly  c h a rg e d  

p a r tic le s  in te ra c te d  ra p id ly  w ith d isso lv ed  o rg an ic  m ateria ls  to  some 

e x te n t an d  th a t  th e  a d so rp tio n  was ir r e v e rs ib le .  T he ir r e s u l ts  
in d ic a te d  th a t  th e  a d so rb e d  m ateria ls  w ere m acrom olecular s u b s ta n c e s  
h av in g  m ultiple b in d in g  s ite s . The s tro n g  re te n tio n  of th e  a d so rb ed  

m ateria ls  h as  en ab led  H u n te r (1980) to  s tu d y  th e  d ep en d en ce  of
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e lec tro p h o re tic  m obility on pH an d  on m etal ion c o n cen tra tio n .

C arboxylic acid  (-COOH) an d  phenolic  (-0H ) g ro u p s  w ere fo u n d  to  be 

th e  m ajor ion izab le  fu n c tio n a l g ro u p s  in  th e  o rg an ic  film exposed  to  th e  
so lu tion . Phenolic an d  carboxy lic  acid  g ro u p s  a re  m ajor 

o x y g en -co n ta in in g  ion izab le  g ro u p s  t h a t  o ccu r in  t e r r e s t r i a l  humic 

su b s ta n c e s . R esu lts  a lso  show ed a p re fe re n tia l  o rien ta tio n  of phenolic 
g ro u p s  to w ard  th e  s u r fa c e s  co n ta in in g  h y d ro x y l g ro u p s  (e .g . oxide) 
th ro u g h  h y d ro g e n  b ond ing .

1.2.3. Removal of P a rtic le s  from  Sea W ater

The rem oval of su sp e n d e d  p a r tic u la te  m a tte r can  be ach ieved  by 

co n ven tional f il tra tio n  o r d ire c t  f il tra tio n . C onventional f il tra tio n  
c o n s is ts  of a  s e r ie s  of p ro c e sse s : co ag u la tio n -flo ccu la tio n ,

sed im en ta tion  (in  w hich th e  m ajority  of th e  so lid s  a re  rem oved) an d  

f il tra tio n  a s  th e  fin a l po lish ing  s ta g e . In  d ire c t  f il tra tio n , th e  p ro c e ss  
of sed im en ta tion  is  e lim inated  an d  all o f th e  so lid s  a re  rem oved by  th e  

f i l te r s .  Raw w ater of low su sp e n d e d  solid  load is  su ita b le  fo r  d ire c t  
f il tra tio n  (B ra tb y , 1986), w here th e  co n v en tio n al f il tra tio n  can  be 
in e ffic ien t. The poor k in e tic s  of co ag u la tio n -flo ccu la tio n  lim its th e  
form ation  of se tt le a b le  floes. While th e  o b je c tiv e  in  co n ven tional w ater 
tre a tm e n t is  to  p ro d u ce  la rg e  se tt le a b le  floes, small "p in  p o in t"  s ized  
floes a re  d e s ire d  in  d ire c t  f il tra tio n . The elim ination of th e  

sed im en ta tion  p ro c e ss  h a s  an  economic a d v an ta g e  auid in  th e  case  of 
in - l in e  d ire c t  f il tra tio n  th e  floccu lation  p ro c e ss  is  also  elim inated.

The elim ination of th e  floccu lation  p ro c e ss  is  a  s u b je c t  fo r  d eb a te . 
I t  h a s  been  show n th a t  a  minimum floccu lation  tim e is  re q u ire d  to  

p ro d u ce  f in ish e d  w ater q u a litie s  e q u iv a le n t to  th o se  o b ta in ed  by  
co n v en tional tre a tm e n t (T rew eek, 1979) an d  th a t  th e  f i l te r  ru n  tim es 

can  be  in c re a se d  when a floccu lation  p e rio d  is  allowed (Edzw ald, 1986). 

However, B ra tb y  (1986) h a s  show n th a t  th e  f i l t r a te  tu rb id i ty  was 

in c re a se d  w ith an  in c re a se  in  floccu lation  tim e. The rea so n  fo r  th e  
above co n flic tin g  o b se rv a tio n s  lie s  in  th e  c h a ra c te r is t ic s  of th e  raw  

w ater. The e ffe c t of p a r tic le  s ize  on f il tra tio n  e ffic iency  h a s  been  
modelled by  Yao an d  c o -w o rk e rs  (1971). In  d e e p -b e d  f i l te r s ,  v e ry  

small p a r tic le s  (< 1 pim ')a re  t r a n s p o r te d  to  th e  su r fa c e  of th e  f i l te r
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g ra in s  mainly b y  d iffu sio n  an d  la rg e r  p a r tic le s  ( > l u / n ) b y  in te rc e p tio n  
a n d  sed im en ta tion . H ence, p a r t ic le s  of s iz e s  a ro u n d  l \im  h ave  a 

minimum fil tra tio n  e ffic ien cy . T his p a r tly  exp lain s why th e  

a g g re g a tio n  of subm icron  p a r tic le s  can  lead  to  a  low er f il tra tio n  
e ffic ien cy . However, a g g re g a tio n  of la rg e r  p a r tic le s  is  ex p ec ted  to  

im prove f il tra tio n  e ffic ien cy .

The ra n g e  of p a r tic le s  to  be rem oved from  sea  w ater is  la rg e .
The c o n ce n tra tio n  of p a r tic le s  in  sea  w ater is  low, in  th e  reg io n  of a 

few mg/1. The s ize s  of th e  p a r tic le s  a re  small, mostly le s s  th a n  

10 m icron. D espite th e  h ig h  ionic s t r e n g th  of sea  w ater, th e  u se  of 

flo ccu lan ts  is  re q u ire d  to  d estab iliz e  th e  su sp e n d e d  p a r tic u la te  m atte r 

an d  to  im prove th e  rem oval e ffic ien cy . Most su sp e n d e d  m atte r in  sea  

w ater is  n eg a tiv e ly  c h a rg e d  fo r  a  n um ber of re a so n s . However, 
a d so rp tio n  of m inor c o n s ti tu e n ts  (b o th  h ig h  an d  low m olecular w eight 
m ateria ls) on m arine p a r tic u la te s  in  sea  w ater is  th e  m ost like ly  cau se  
(Neihof and  Loeb 1972). The ad d itio n  of a  flo ccu lan t sh o u ld  re d u c e  o r 

ev en  elim inate th e  e le c tr ic a l rep u ls io n  betw een  a p p ro ach in g  p a r tic le s  o r 

be tw een  d ep o sitin g  p a r tic le s  an d  f i l te r  g ra in s , an d  th u s  allowing 
c o n ta c t to  be  made.

P rio r  to  1950, m etal c o ag u la n ts  su c h  a s  alum o r  f e r r ic  s a lts  w ere 

u sed  alone. S ince th e  in tro d u c tio n  of s y n th e tic  o rg an ic  

p o ly e le c tro ly te s  in to  th e  w ater tre a tm e n t p ro c e sse s  in  th e  la te  1950s, 

poly e le c tro ly te s  h av e  b een  u sed  ex ten s iv e ly  a s  coagu la tion  a id s  o r to  

re p la ce  metal c o ag u la n ts  com pletely . Culp (1977) re p o r te d  th a t  

nonionic an d  anionic  p o ly e le c tro ly te s  a re  u su a lly  b e t te r  f i l te r  a id s  th a n  
cation ic  poly e le c tro ly te s . Cationic poly e le c tro ly te s  a re  som etim es u sed  

to  re p la ce  in o rg a n ic  c o ag u la n ts  com pletely . Morrow an d  R aush  (1974) 
h av e  show n th a t  p ro p e r  mixing of p o ly e lec tro ly te  is  re q u ire d  a s  th e  

d estab iliz a tio n  of p a r tic u la te  m a tte r is  a ffe c ted  by th e  mixing e n e rg y . 
R apid mixing a t  a  ve locity  g ra d ie n t  o f 300-650 sec -1 fo r  3-6 m inutes is  

n e c e s sa ry  b e fo re  f il tra tio n  (Yeh an d  G hosh, 1981).
The t r e n d  of u s in g  p o ly e le c tro ly te s  a s  prim e c o ag u la n ts  o r  a s  

coagu la tion  a id s  is  in c re a s in g . The u se  of p o ly e lec tro ly te s  in  

floccu lation  may in c re a se  floe s t r e n g th  allow ing la rg e r  an d  to u g h e r  

floes to  form . The in c re a se d  floe s t r e n g th  can  w ith stan d  th e  in c re a se
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in  sh e a rin g  fo rc e s  on floes a s  f il tra t io n  p ro c e ed s  an d  to  en h an ce  

d ep osition  of flo es  on f i l te r  g ra in s . The s lu d g e  volume is  a lso  
re d u c e d  an d  th e  s lu d g e  p ro d u c e d  b y  p o ly e lec tro ly te  tre a tm e n t is  

d e n s e r  th a n  in o rg a n ic  s lu d g e  a n d  h a s  b e t te r  s lu d g e  com paction an d  

s e tt l in g  c h a ra c te r is t ic s .
The se lec tion  of th e  a p p ro p r ia te  p o ly e lec tro ly te  fo r  a  p a r t ic u la r  

ap p lica tio n  is  n o t easy  a s  th e r e  a r e  a  la rg e  v a r ie ty  of p o ly e lec tro ly te s  

availab le . The c o r re c t  cho ice  of p o ly e le c tro ly te  is  im p o rtan t to  g e t 

th e  b e s t  r e s u lt .  The e ffe c tiv e n e s s  of p o ly e lec tro ly te  is  in flu en ced  by 

i t s  chem ical a n d  p h y s ica l n a tu re  a s  well a s  th e  en v iro n m en t in  which i t  

is  u sed . The im p o rtan t p o ly e lec tro ly te  c h a ra c te r is t ic s  a re  th e  
monomer ty p e , c h a rg e  d e n s ity , a n d  m olecular w eight. Im p o rtan t raw  

w ater v a ria b le s  in c lu d e  colloid com position an d  co n ce n tra tio n , w ater 

com position an d  i t s  p h y s ica l c h a ra c te r is t ic s  (K asper an d  R e ich en b erg er, 

1983). In  th e  tre a tm e n t o f sea  w a ter, th e  h ig h  ionic s t r e n g th  can  

se v e re ly  a ffe c t th e  conform ation  of th e  p o ly e lec tro ly te s . In  so lu tion  

of v e ry  low ionic  s t r e n g th ,  th e  p o ly e le c tro ly te  m olecules a re  more likely  
to  a d o p t th e  ex ten d ed  con fo rm ations d u e  to  e le c tro s ta tic  re p u ls io n s  
betw een  like  c h a rg e s  along th e  m olecules (S ing ley , 1972). In  a  h ig h  
ionic s t r e n g th  so lu tion  s u c h  a s  se a  w ater, th e  lik e  c h a rg e s  a re  
n e u tra liz e d  by  th e  p re se n c e  of in d if fe re n t  e le c tro ly te s  an d  th e  
p o ly e le c tro ly te s  sure more like ly  to  b e  random ly coiled b ecau se  of th e  

re d u c e d  e le c tro s ta tic  re p u ls io n .
I t  h a s  b een  th i r ty  y e a rs  s in ce  th e  in tro d u c tio n  of th e  u se  of 

s y n th e t ic  p o ly e le c tro ly te s  in  w ater tre a tm e n t p ro c e sse s , d u r in g  th is  

p e rio d  v e ry  few d e fin ite  re la tio n sh ip s  betw een  polym er ty p e  suid w ater 

ty p e s  have  b een  id e n tif ie d  (K asper a n d  R e ich en b erg e r, 1983). Today, 

in itia l p o ly e le c tro ly te s  se lec tio n  is  m ainly th ro u g h  t r i a l  an d  e r r o r .  A 

fu n d am en ta l u n d e rs ta n d in g  of th e  in flu e n c e s  of so lu tion  com position 
an d  of th e  chsu rac te ris tics  of p o ly e le c tro ly te s  on th e  e ffe c tiv e n e ss  of 

poly e le c tro ly te s  a s  flo ccu lan ts  is  n eed ed .

1.3 P u rp o se  o f th e  P re s e n t  Work
The su ita b ility  of poly e le c tro ly te s  to  u se  a s  f lo ccu lan ts  is  

in flu en ced  by  th e  en v iro n m en t in  w hich th e y  a re  u sed . The e ffe c ts  of
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ion ic  s t r e n g th  on th e  e ffe c tiv e n e ss  of p o ly e le c tro ly te s  is  im p o rtan t in  
th e  u se  of poly e le c tro ly te s  in  th e  tre a tm e n t of h ig h  ionic s t r e n g th  
w a ter, su ch  a s  sea  w ater. The p re s e n t  work s tu d ie s  th e  ag g re g a tio n  
of a su sp e n s io n  of silica  p a r tic le s  u s in g  cation ic  poly e le c tro ly te s . The 

e ffe c t of ionic s t r e n g th  is  exam ined in  sodium  ch lo rid e  so lu tio n s  of 
c o n c e n tra tio n s  up  to  5 x 10_1 mol dm-3. The in flu en ce  of d if fe re n t 

ty p e s  of io n s  a re  com pared an d  th e  e ffe c t of th e  p re se n c e  of tw o 

e le c tro ly te s  is  in v e s t ig a te d .

An op tica l te c h n iq u e  d e sc r ib e d  in  Section 2.5.4. is  u sed  to  m onitor 

th e  a g g re g a tio n  of d is p e rse d  p a rtic le s . The optimum dosag e  ra n g e  a t  

each  ionic s t r e n g th  fo r  each  polym er te s te d  a re  estim ated  an d  th e  

r e s u l ts  a re  com pared  an d  e v a lu a te d . The n a tu re  of th e  polym er is  an  

im p o rtan t fa c to r . The k in e tic  a sp e c ts  of th e  floccu lation  p ro c e ss  a re  

in v e s t ig a te d  to  gain  a  b e t te r  u n d e rs ta n d in g  of polym er floccu lation .



CHAPTER TWO

LITERATURE REVIEW

2.1 Colloidal In te ra c tio n s

Most su b s ta n c e s  a c q u ire  a  s u r fa c e  e le c tr ic  c h a rg e  when d isp e rse d  

in  aq u eo u s  so lu tio n s  an d  th e re  a re  se v e ra l c h a rg in g  m echanism s. The 

d is tr ib u tio n  of c h a rg e s  an d  p o te n tia ls  a ro u n d  th e  p a r tic le s  h a s  been  

t r e a te d  in  th e  th e o ry  of e lec tr ic  doub le  la y e r . The DLVO th e o ry  deals 
w ith th e  in te ra c tio n s  of colloidal p a r tic le s  in  te rm s  of doub le  la y e r  

in te ra c tio n  e n e rg ie s  (sec tio n  2.1.3.) an d  g iv e s  a q u a n tita tiv e  d e sc rip tio n  
of th e  s ta b ility  of p a r tic le s  in  te rm s  of th e  e n e rg y  c h an g e s  which 

ta k e s  p lace when p a r tic le s  ap p ro a ch  one a n o th e r  (sec tio n  2.1.4).

2.1.1. O rigin of s u rfa c e  c h a rg e
T h ere  a re  a t  le a s t  f iv e  p o ssib le  m echanism s by  which p a r tic le s  can  

a c q u ire  a  su r fa c e  c h a rg e . In  m ost c a se s , tw o o r  more of th e s e  
m echanism s can  o p e ra te  s im u ltaneously .

(a) Ion isa tion  of s u r fa c e  g ro u p s

C ertain  m ateria ls  a c q u ire  th e i r  c h a rg e  th ro u g h  th e  io n isa tion  of 
chem ical g ro u p s  a t  th e i r  su rfa c e . The s u r fa c e s  of many oxides become 
h y d ro x y la ted  in  w ater. The h y d ro x y l g ro u p s  a t  th e  s u rfa c e  may be 
ion ised  to  g iv e  e i th e r  p o s itiv e  o r  n e g a tiv e  s i te s  d ep en d in g  on th e  pH 
of th e  so lu tion .

For a  g iv en  oxide, th e r e  will be  a  c h a ra c te r is t ic  pH value  a t  which 
all p o s itiv e  a n d  all n e g a tiv e  c h a rg e s  on th e  su r fa c e  a re  exactly  

b a lan ced  an d  th e  su rfa c e  h a s  no n e t  c h a rg e . T his is  th e  p o in t of 
zero  c h a rg e  (p .z .c .) whose value  d e p e n d s  on th e  a c id -b a se  p ro p e r tie s

\ \
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of th e  oxide. To some e x te n t, th e  p .z .c . d e p en d s  on th e  p re v io u s  
t re a tm e n t of th e  oxide: th e  chem ical an d  th e rm a l h is to r ie s ; th e  p u r ity , 
th e  c ry s ta ll in e  o r  am orphous form  an d  th e  ag e in g  of th e  sam ple.
P a rk s  (1965, 1967) h a s  g iv en  an  ex ten s iv e  su rv e y  of experim en tal p .z .c . 

v a lu es  fo r  many oxides an d  h y d ro x id es . Some ty p ic a l p .z .c . v a lu es  a re  

g iven  below.

oxide Si02 Ti02 Fe20a AI2O3 MgO
p.z .c . 2 6 8.5 9 12

(b) Ion d isso lu tio n
S p arin g ly  so lu b le  ionic  c ry s ta ls  d is p e rse d  in  w ater e x is t in  

equ ilib rium  w ith a  c o n ce n tra tio n  of p ro d u c t io n s , th e  co n ce n tra tio n  
be ing  de term in ed  from  th e  so lu b ility . Q uite o ften  th e s e  c ry s ta ll in e  

so lid s  can  a c q u ire  a  su r fa c e  c h a rg e  by  an  u n eq u a l d isso lu tio n  of th e  
opposite ly  c h a rg e d  io n s . Ionic so lid s  s u c h  a s  s ilv e r  h a lid es  an d  

calcium  c a rb o n a te  a re  c h a rg e d  d u e  to  ion d isso lu tio n .

(c) Isom orphous s u b s ti tu tio n
The ca tio n s  in s id e  th e  c ry s ta l  s t r u c tu r e  of some clay  m inerals can 

be re p laced  by  ca tio n s  of sim ilar s ize  b u t  low er c h a rg e  w ithout 
s t r u c tu r a l  ch an g e , th e  r e s u l ta n t  p a r tic le s  in  w ater a re  n eg a tiv e ly  

c h a rg e d  b ecau se  of th e  s u b s ti tu tio n  of AP+ by  Mg2+.

(d) Specific a d so rp tio n

P a rtic le s  can  a c q u ire  s u rfa c e  c h a rg e  v ia  th e  p re fe re n tia l 

ad so rp tio n  of c e r ta in  io n s  from  so lu tion . S u rface s  which a re  a lre ad y  
c h a rg e d  (fo r in s ta n c e  by  su r fa c e  ion isa tion ) h av e  a p re fe re n tia l 
te n d e n c y  to  a d so rb  c o u n te r - io n s , in  p a r tic u la r ly , th o se  w ith a  h ig h  

c h a rg e  num ber. S u rfa ce s  a re  more o ften  n eg a tiv e ly  c h a rg e d  th a n  

p o sitiv e ly  c h a rg e d  due  to  th e  p re fe re n tia l  a d so rp tio n  of an io n s. The 

more h y d ra te d  ca tio n s  h av e  th e  g re a te r  te n d e n c y  to  re s id e  in  th e  bu lk  

aq u eo u s  medium an d  th e  le s s  h y d ra te d  an d  more p o la ris in g  an io n s  have  
th e  g re a te r  te n d e n c y  to  be  spec ifica lly  a d so rb ed . L arge  o rg an ic  

m olecules a re  a d so rb e d  v ia  h y d ro g e n  o r  h y d ro p h o b ic  b o nd ing . In  

n a tu ra l  w a ters , many p a r tic le s  a re  n eg a tiv e ly  c h a rg e d  b ecau se  of th e  

a d so rp tio n  of o rg an ic  an ions.
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(e) A dsorp tion  of d ip o la r m olecules

Molecules h av in g  a p e rm an en t d ipo le  may a d so rb  a t  in te r fa c e s  with 

a  p re fe re n tia l  o r ie n ta tio n . The p re se n c e  of a  la y e r  of o rie n ta te d  
d ip o la r m olecules a t  th e  s u r fa c e  may a l te r  th e  n a tu re  of th e  su rfa c e .

The n a tu re  of th e  e le c tr ic  doub le  la y e r  is  d e sc r ib e d  in  th e  

following sec tio n .

2.1.2. The e le c tr ic  doub le  la y e r

The su rfa c e  c h a rg e  o f su sp e n d e d  p a r tic le s  i s  b a lanced  by  an 
ex cess  of n e u tra liz in g  c o u n te r  io n s  o v e r co -io n s  d is tr ib u te d  in  a 
d iffu se  m anner in  aq u eo u s  so lu tion . The e le c tr ic  doub le  la y e r  is  made 

up  of th e  c h a rg e d  s u r fa c e  which may in c lu d e  a d so rb e d  io n s  an d  a 
d iffu se  la y e r  of c o u n te r - io n s  an d  co -io n s  d is tr ib u te d  u n d e r  th e  

in flu en ce  of e lec tr ic a l fo rc e s  an d  random  th e rm a l motion, a s  show n in  
F ig u re  2.1.. The s im p lest q u a n tita tiv e  tre a tm e n t of th e  doub le  la y e r  
was developed  in d e p e n d e n tly  by  Gouy (1910) an d  Chapm an (1913) and  
is  b a sed  on th e  follow ings assu m ptions:

(i) An in f in ite , un iform ly  c h a rg e d  su rfa c e .
(ii) The io n s  in  so lu tio n s  a re  p o in t c h a rg e s  d is tr ib u te d  acco rd in g  to  

Boltzmann d is tr ib u tio n .
(iii) D ielectric c o n s ta n t of th e  so lv en t i s  uniform .

Vo is  th e  s u rfa c e  e le c tr ic  p o ten tia l an d  V is  th e  e le c tr ic  p o ten tia l 

a t  a  d is ta n c e  x from  th e  su rfa c e  in  th e  e le c tro ly te  so lu tio n . The n e t 
volume c h a rg e  d e n s ity , p , a t  p o in ts  w here th e  p o ten tia l is  V can  be 

d e riv e d  from  th e  Boltzm ann d is tr ib u tio n  re la tin g  p to  V by  P o isso n 's  

eq u a tio n  fo r a  f la t  doub le  la y e r , g iv ing  th e  following ex p ress io n :

d 2v  2 z e n 0 . z e y  %
— r -  sin h —— ( 2 .1 )d x  g kT K J

w here z -  va lency  of th e  ion 

e -  e lem en ta ry  c h a rg e

n0 “ th e  b u lk  co n ce n tra tio n  of each  ionic sp ec ie s  

k -  Boltzmann c o n s ta n t 

T -  ab so lu te  te m p e ra tu re  

e  -  p e rm ittiv ity  of th e  m aterial
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Figure 2.1. The structure of the electric 
double layer and the potential changes



T aking th e  following b o u n d a ry  co n d itio n s  in to  accoun t: 

V - Vo when x = 0

ip = 0 when d \ |? /d x = 0  i.e . x  =00,

th e  so lu tion  of eq u a tio n  (2.1) can  be w ritten  as:

2 ^ , n(-l+vexp[-’c*r) 
ze \ \  -  y e x p [ - K x ] J

w here

exp[zeij>0/2fc7’] + 1
e x p [ z e y 0/ 2 k T ] -  1 

v - : : . T7— (2 -3 )

a nd
/ n  2  2  \  I / 2  /  a  2  1  f  2  \2 ez/iaz z \ f 2 e z*' -~ z '!N /CZ2V

efcr J- l - T F - l  ( 2 ’4)

w here Na is  A vogadro 's  c o n s ta n t a n d  c is  th e  c o n ce n tra tio n  of th e  

e lec tro ly te .

The D ebye-H iickel approx im ation  can  be app lied  if  zerp0/2fcT <k 1. 

Then,

exp
2kT

zexi?e
1 + — ( 2. 5)  2kT

th is  would sim plify eq u a tio n  (2.2) to
i|>- V0exp[ -K x]  (2.6)

T his m eans th a t  th e  p o ten tia l d e c re a se s  exponen tia lly  with d is tan ce

from  th e  c h a rg e d  s u r fa c e  a t  low p o ten tia l.

By e q u a tin g  th e  s u r fa c e  c h a rg e  w ith th e  n e t  sp ace  c h a rg e  in  th e  

d iffu se  p a r t  of th e  doub le  la y e r  an d  ap p ly in g  th e  Poisson-B oltzm ann 

d is tr ib u tio n , an  ex p re ss io n  can  be d e riv e d  to  re la te  th e  c h a rg e  d e n s ity  
o0 a t  th e  s u rfa c e  an d  th e  p o ten tia l \p0.

1/9 zetPo
ad- ( 8 / i 0e fc r) ,/2s i n h ^ f  (2 .7 )

which a t  low p o ten tia l re d u c e s  to

a 0-eKi|7tf (2 .8 )

T his s u rfa c e  p o ten tia l ipo d e p en d s  on th e  su rfa c e  d e n s ity  a0 an d  
th ro u g h  k  on th e  ionic  com position of th e  medium. E quation  (2.8)
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show s th a t  a t  low p o ten tia ls / a  d iffu se  doub le  la y e r  can  be  re g a rd e d  as  
a co n d en se r w ith a d is ta n c e  1/ k betw een  th e  p la te s . 1/ k is  o ften  

re fe r re d  to  a s  th e  " th ic k n e s s "  of th e  d iffu se  doub le  la y e r .

For an  aq u eo u s  so lu tion  of a  sym m etrical e le c tro ly te  a t  25 °C, 
eq u atio n  (2.4) becom es

For a 1-1 e le c tro ly te  th e  double  la y e r  th ic k n e s s , 1 / k.. is  ab o u t 10 nm 

a t  10~3 mol dm-3 an d  1 /k  re d u c e s  to  ab o u t 1 nm a t  10_1 mol dm-3 . For 

unsym m etrical e le c tro ly te s  th e  doub le  la y e r  th ic k n e s s  can  be ca lcu la ted  

by ta k in g  z to  be th e  c o u n te r- io n  c h a rg e  num ber. The ra n g e  of 

e lec tr ica l in te ra c tio n  is  d e p e n d e n t on th e  s q u a re  ro o t of th e  s a lt  

c o n cen tra tio n . T ypically , 1 / k  is  ab o u t 900 nm in  n e a r -d is tille d  w ater 

and  i t  can  be  a s  low a s  0.4 nm in  sea  w ater (G regory  1977).

In  th e  G ouy-Chapm an th e o ry , th e  io n s  a re  t r e a te d  a s  p o in t 

c h a rg e s . S te rn  (1924) p ro p o sed  a  model to  ta k e  in to  acco u n t th e  
fin ite  s ize  of th e  io n s . In  th e  S te rn  model th e  doub le  la y e r  is  d iv ided  
by a p lane , know n a s  th e  S te rn  p lane, lo ca ted  a t  a b o u t a  h y d ra te d  ion 

ra d iu s  from  th e  su rfa c e . Graham e (1947) modified th e  S te rn  model to  
acco u n t fo r  sp ec ifica lly  a d so rb e d  ions. Specifically  a d so rb ed  io n s  a re  
likely  to  be d e h y d ra te d , a t  le a s t  in  th e  d irec tio n  of th e  su rfa c e , so as  

to  a tta c h  th em selv es  to  th e  su rfa c e  sp ec ifica lly . The c e n tre s  of any  
spec ifica lly  a d so rb e d  io n s  a re  located  in  th e  in n e r  Helmholtz p lane  
(I.H .p). In  th e  S te rn  la y e r  th e  c lo se s t ap p ro a ch  of any  

n o n -sp ec if ica lly  a d so rb e d  io n s  a re  located  in  th e  o u te r  Helmholtz p lane  

(O.H.p.). Io n s  lo ca ted  o u ts id e  th e  S te rn  la y e r , in  th e  d iffu se  la y e r , 

a re  d is tr ib u te d  acco rd in g  to  G ouy-Chapm an th e o ry . F ig u re  2.1. 

i l lu s tr a te s  th e  s t r u c tu r e  of th e  e le c tr ic  doub le  la y e r , show ing th a t  th e  
p o ten tia l c h an g e s  from  y 0 ( su rfa c e  p o ten tia l) to  tj>d (S te rn  p o ten tia l) in  

th e  S te rn  L ayer an d  d e ca y s  from  tyd to  zero  in  th e  d iffu se  doub le  

la y e r .
The S te rn  p o te n tia l c an n o t be  m easu red  d ire c tly  b u t  i t  can  be 

estim ated  from  e lec tro k in e tic  o r  C (ze ta) p o ten tia l, a s  de te rm in ed  from  

e lec tro k in e tic  m easurem ents. The K. p o ten tia l is  th e  p o ten tia l a t  th e  
su rfa c e  of s h e a r  be tw een  th e  c h a rg e d  s u r fa c e  an d  th e  e le c tro ly te

( 2 .9 )
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so lu tion . The s u rfa c e  of s h e a r  is  an  im ag inary  s u rfa c e  enclosing  a 
s h e a th  a ro u n d  th e  p a rtic le  in s id e  which all m aterial form s th e  k in e tic  
u n its , so th a t  a  c e r ta in  am ount of s u r ro u n d in g  liq u id  an d  i t s  co n ta in ed  
e le c tro ly te  io n s  accom pany th e  p a rtic le  a s  i t  moves. The ex ac t 

location  of th e  s h e a r  p lan e  is  n o t c e r ta in . I t  is  u su a l to  su p p o se  th e  

s h e a r  p lane is  a t  a  sm all d is ta n ce  f u r th e r  away from  th e  su rfa c e  th a n  

th e  S te rn  p lane. N ev erth e le ss , th e  y d is  u su a lly  id e n tif ie d  w ith K. .
The e r r o r s  in tro d u c e d  th ro u g h  th is  assu m p tio n  a re  u su ally  small (Shaw, 
1980), e spec ia lly  a t  low p o ten tia l a n d  in  th e  a b sen ce  of th e  a d so rp tio n  

of non-ion ic  s u r fa c ta n t .  Lyklema (1977) h a s  d em o n stra ted  th a t  and  

t  co incide  fo r  th e  model Agl colloid in  aq u eo u s  so lu tion . However, th e  

com pression  of th e  d iffu se  la y e r  a t  h ig h e r  e le c tro ly te  c o n ce n tra tio n  will 

c au se  a  s te e p e r  p o ten tia l d ro p  from  th e  S te rn  p lan  to  th e  s h e a r  p lane.

2.1.3 Type of In te ra c tio n s
D ispersed  colloidal p a r tic le s  a re  in  c o n s ta n t Brow nian motion.

When th e s e  p a r tic le s  ap p ro a ch  one a n o th e r , th e y  ex p erien ce  in te ra c tio n  
of v a rio u s  k in d s ; th e  m agnitude  of which d e p e n d s  on th e i r  d is ta n ce  

a p a r t .  The re s u l ta n t  e n e rg ie s  d e term ine  w h e th er o r n o t th e  co llid ing  
p a r tic le s  will form  p e rm an en t a g g re g a te s . The e lec tr ic a l re p u ls io n  an d  
van  d e r  Waals' a ttra c t io n  a re  th e  most s tu d ie d  in te ra c t io n s , which form  
th e  b a s is  of th e  DLVO th e o ry  of s ta b ility  of lyophob ic  so ls  (see  Section

2.1.4.). T h ere  a re  a lso  s h o r t  ra n g e  s t r u c tu r e  fo rce s , s te r ic  in te ra c tio n  
d u e  to  a d so rb e d  polym er, h y d ro p h o b ic  an d  hydrodynam ic  in te ra c tio n .

(a) E lec trica l doub le  la y e r  re p u ls io n
The o v e rlap p in g  of th e  d iffu se  p a r t  of th e  doub le  la y e r  of 

a p p ro a ch in g  s u r fa c e s  g iv e  r is e  to  th e  e le c tro s ta tic  in te ra c tio n  e n e rg y . 

The in te ra c tio n , V r , betw een  tw o f la t  in te r fa c e s  can  be  ca lcu la ted  from  
an  ex p re ss io n  d e riv e d  from  th e  Gouy-Chapm an th e o ry  (Verwey an d  

O verbeek , 1948). The V r  betw een  tw o sp h e r ic a l p a rtic le s  h a s  no exac t 

a n a ly tica l ex p re ss io n  an d  h a s  to  be  t r e a te d  by  v a rio u s  approxim ations 

a n d  num erical so lu tio n s  (Verwey an d  O verbeek , 1948; Honig an d  Mul, 

1971).
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D epending on w h e th er o r n o t ion ic  ad so rp tio n  eq u ilib riu m  is  
m aintained d u r in g  th e  in te ra c tio n , e i th e r  c o n s ta n t s u r fa c e  p o ten tia l o r  

c o n s ta n t su rfa c e  c h a rg e  can  be  assum ed . When e lec trochem ical 

equ ilib rium  is  m ain tained , in te ra c tio n  is  ex p ec ted  to  ta k e  p lace a t  

c o n s ta n t p o ten tia l. On th e  o th e r  h an d , a s  O verbeek  (1971) h a s  

po in ted  o u t, th e  r a te  of doub le  la y e r  o v e rlap  in  a ty p ic a l Brownian 

e n c o u n te r  of tw o p a r tic le s  is  too  f a s t  fo r  ad so rp tio n  equ ilib rium  to  be 
m ain tained . T h e re fo re , th e  c h a rg e  r a th e r  th a n  th e  p o ten tia l will be 

th e  c o n s ta n t p a ram ete r.
R ecen tly , D ukhin an d  Lyklema (1990) p re s e n te d  a  novel ap p ro ach  

to  th e  s ta b ility  of lyophob ic  collo ids by  c o n s id e rin g  th e  dynam ics of 

in te ra c tio n  ta k in g  th e  d iseq u ilib ra tio n  of in te ra c t in g  doub le  la y e r s  in to  

acco u n t. D e so rp tio n -ad so rp tio n  d iseq u ilib riu m  of c h a rg e -d e te rm in in g  
ions is  c o n s id e re d  a s  th e  o rig in  of a  re lax a tio n -d e te rm in ed  re ta rd a tio n . 

D uring th e  ap p ro a ch  of a  second  p a rtic le , th e  double  la y e r  com position 
is  a d ju s te d  th ro u g h  a  v a r ie ty  of m echanism s. P ro ce sse s  su c h  a s  

c h a rg e  t r a n s f e r  th ro u g h  th e  p a rtic le , t r a n s f e r  along th e  s u rfa c e  o r 

th ro u g h  th e  d iffu se  p a r t  of th e  doub le  la y e r  can  be  re sp o n s ib le  fo r  

th e  re lax atio n  of th e  t r a n s ie n t  ex cess  c h a rg e . Dynamics e ffe c ts  
become im p o rtan t when th e  a d ju s tm e n t of doub le  la y e r  h a s  re laxation  
tim es th a t  a re  n e ith e r  in fin ite ly  s h o r t  n o r in fin ite ly  long  in  com parison  
w ith th e  tim e sca le  of in te ra c tio n . The d iffu se  p a r t  o f th e  double  

la y e r  h a s  a  much s h o r te r  re lax atio n  tim e th a n  th e  s u rfa c e  c h a rg e s . 

T hese a u th o rs  c o n s id e r  th e  d iffe re n c e  betw een  in te ra c tio n  a t  c o n s ta n t 

s u rfa c e  c h a rg e  an d  c o n s ta n t su r fa c e  p o ten tia l is  e sse n tia lly  tw o 
ex trem e c a se s  of no s u r fa c e  c h a rg e  re lax a tio n  a t  all re p re s e n tin g  

fro zen  equ ilib rium  a n d  fu ll re lax atio n  re p re s e n tin g  com plete equ ilib rium  

re sp e c tiv e ly . The in te rm e d ia te  s itu a tio n  of re lax atio n  a t  tim e sca le s  

n o t v e ry  d if fe re n t  from  th e  tim e sca le  of in te ra c tio n  r e p re s e n ts  

incom plete eq u ilib ra tio n  w hich re la te s  to  a  r e ta rd e d  d e so rp tio n  of 

c h a rg e -d e te rm in in g  ion. A n um ber of p o in ts  em erges from  th e ir  

model:

(i) U nder co n d itio n s  w here th e  re lax a tio n  re ta rd a tio n  dom inates, th e  

s ta b ility  becom es in d e p e n d e n t of p a r tic le  size .
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(ii) In  ad d itio n  to  th e  h y d rodynam ic  re ta rd a tio n  (see  sec tio n

2.I.3 .C .)/ th e r e  is  th e  p o ssib ility  of re laxation  re ta rd a tio n  which 
may explain  th e  o b se rv e d  r a t e  c o n s ta n ts  o ften  be ing  slow er th a n  

th e  p re d ic te d  Sm oluchow ski r a te  c o n s ta n ts .

(iii) The co up ling  of a d so rp tio n -d e so rp tio n  phenom ena w ith re la tiv e ly  
f a s t  d iffu sio n  p ro c e sse s  c re a te s  a  lin k  with e lec tro k in e tic  

phenom ena an d  d o u b le - la y e r  re laxation .

W hether c o n s ta n t p o ten tia l o r  c o n s ta n t c h a rg e  is  a p p ro p r ia te  will 
d ep en d  on th e  in d iv id u a l sy stem . While th e  dynam ic a sp e c ts  of 

e le c tr ic  doub le  la y e r  in te ra c tio n  a r e  n o t fu lly  u n d e rs to o d , ca lcu la tions 
a re  o ften  made on th e  b a s is  of " c o n s ta n t p o ten tia l"  o r  " c o n s ta n t 

c h a rg e "  assu m p tio n s . C o n sidering  th a t  th e  double  la y e r  in te ra c tio n  

d e p e n d s  on th e  p o ten tia l a t  th e  S te rn  p lan e  r a th e r  th a n  th e  s u rfa c e  

p o ten tia l, an d  th a t  th e  S te rn  la y e r  eq u ilib riu m  may be re a ch e d  f a s te r  
th a n  th a t  a t  th e  p a r tic le  su rfa c e , n e i th e r  assum ption  may be 

a p p ro p r ia te .

An ex p re ss io n  fo r  th e  e n e rg y  of in te ra c tio n  h a s  been  d e riv e d  
b a sed  on th e  L inear S u p erp o sitio n  A pproxim ation (LSA) which is  a 
com prom ise betw een  th e  c o n s ta n t c h a rg e  an d  c o n s ta n t p o ten tia l 

co n d itio n s . For d if f e re n t s p h e re s :

w here Vs is  th e  e le c tr ic a l e n e rg y  of in te ra c t io n , a i an d  a 2 a re  ra d ii  of 
th e  p a r tic le s , e  is  th e  p e rm ittiv ity  o f th e  medium, z is  th e  valency  of 

th e  io n s  an d  e  is  th e  e lem en tary  c h a rg e . The te rm s  y  i an d  y  2 a re  

d im ension less fu n c tio n s  o f th e  s u r fa c e  p o ten tia l (see  eq u atio n  2.3).

For id e n tic a l p a r tic le s , E quation  (2.10) becom es

(b) Van d e r  Waals a ttra c t io n

In d iv id u a l atom s o r  m olecules a t t r a c t  one a n o th e r  b ecau se  of th e  

van d e r  Waals a t t r a c t iv e  fo rc e s  a r is in g  from  d ipo le-d ipo le  in te ra c tio n  

(Keesom), d ip o le -in d u ced  d ipole (D ebye) a n d  in te ra c tio n  due  to  

f lu c tu a tio n s  in  th e  e le c tro n  d e n s ity  d is tr ib u tio n  (London). As colloidal 

p a r tic le s  a re  e sse n tia lly  assem blies  of m olecules, th e  van  d e r  Waals

a i + a 2 (2 . 10 )

V/ r -32j i€a, (K7'  / z e ) 2y 2 exp( -Kx) ( 2 . 1 1 )
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in te ra c tio n  e n e rg y  betw een  tw o p a r tic le s  is  th e  sum of all a ttra c t io n  
betw een  all in te rp a r t ic le  molecule p a irs . I t  is  f u r th e r  assum ed th a t  

only th e  London a t tra c t io n  is  co n s id e re d , s in ce  colloidal p a r tic le s  a re  

n o t like ly  to  h av e  a n e t  dipole moment n o r a  n e t p o la riza tion .

Hamaker (1937) h a s  d e riv e d  an  ex p re ss io n  fo r  th e  London 

d isp e rs io n  in te ra c tio n  e n e rg y , V*. For eq u a l s p h e re s , if  x «  a  th is  
eq u a tio n  can  be  sim plified  to

V ' " T &  ( 2 1 2 )

w here A is  th e  Ham aker c o n s ta n t. To e v a lu a te  th e  Ham aker c o n s ta n t, 

th e re  a re  th e  London-H am aker m icroscopic ap p ro ach  an d  th e  L ifsh iftz  

m acroscopic ap p ro ach . The Ham aker ap p ro a ch  is  b a sed  on th e  
in te ra c tio n  betw een  p a ir s  of atom s c e n tre  a ro u n d  a  s in g le  oscillation  

fre q u e n c y . In  th e  L ifsh iftz  ap p ro a ch  th e  sp o n tan eo u s  e lec trom agnetic  

f lu c tu a tio n s  in  tw o ap p ro ach in g  p a r tic le s  becom es c o rre la te d . The 

va lu es  of th e  Ham aker c o n s ta n t ra n g e  from  0.3 x 10-20 J  to  10 x 10-20 J 
in  aq u eo u s  d isp e rs io n s .

E quation  (2.12) in d ic a te s  th a t  th e  a t tra c t io n  become s tro n g e r  on 
c lose ap p ro a ch  an d  in f in ite  on co n tac t. However, Born rep u ls io n  and  
o th e r  s h o r t - r a n g e  in te ra c t io n s  become im p o rtan t a t  c lose a p p ro ach , and  
keep  th e  a ttra c t io n  f in ite . For in te ra c tio n  th ro u g h  a liq u id  r a th e r  
th a n  a vacuum , th e  van  d e r  Waals in te ra c tio n  e n e rg y  is  co n sid e rab ly  
low er. E quation  (2.12) s till  ap p lie s  b u t  a  modified Hamaker c o n s ta n t

h as  to  be  u sed . C onsider th e  in te ra c tio n  betw een  two p a r tic le s , 1 an d

2, in  a  d isp e rs io n  medium, 3. The Ham aker c o n s ta n ts  A 1 3  an d  A 2 3  

c o rre sp o n d  to  in te ra c tio n  betw een  th e  d isp e rs io n  medium with p a rtic le  

1 an d  p a rtic le  2 re sp e c tiv e ly . The e ffe c tiv e  Hamaker c o n s ta n t is  

g iven  by:

^  123 *  ^  12 + ^ 3 3  -  ^  13 “  ^ 2 3  ( 2 . 1 3 )

where A12 is due to particle-partic le  interaction and A33 are  due to 
dispersion medium-dispersion medium interaction.

If  th e  a ttra c t io n  betw een  u n like  p h a se s  is  ta k e n  a s  th e  geom etric 
mean of th e  a t tra c t io n s  of each  p h a se  to  i ts e lf , th e n  eq u a tio n  (2.12) 

becom es

^ 1 3 2 -  M l .  1/2- ^ 3 3  , / 2 ) M 22 l / 2 - A 33 , / 2 )  ( 2 . 1 4 )
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When th e  tw o p a r tic le s  a re  of th e  sam e m ateria l, eq u a tio n  (2.13) 
can  be re d u c e d  to

^ 131 = M n  — ^ 33 *) (2 .15 )

The p h y sica l m eaning fo r  E q uations (2.14) an d  (2.15) is  th a t  th e  
van  d e r  Waals in te ra c tio n  is  alw ays a t t r a c t iv e  fo r  like  m aterial b u t  a 

re p u ls iv e  van  d e r  Waals in te ra c tio n  betw een  th e  p a r tic le s  is  p o ssib le  if  

A 3 3  h a s  a  va lue  in te rm ed ia te  betw een  th o se  of A n  an d  A 2 2 . T h ere  is  

l i t t le  ev id en ce  of re p u ls iv e  van  d e r  Waals in te ra c tio n . However, i t  is  
im p o rtan t in  w etting  phenom ena (Hough an d  White 1980) an d  in  p h ase  

se p a ra tio n  from  polym er so lu tion  (v an  Oss e t  a l 1979).

The f in ite  tim e of p ro p ag a tio n  c a u se s  a  re d u c e d  c o rre la tio n  

betw een  o sc illa tions in  th e  in te ra c t in g  bod ies, re s u lt in g  in  a  sm aller 

in te ra c tio n . H ence, van  d e r  Waals fo rc e s  a re  s u b je c t  to  a  re ta rd a tio n  

e ffe c t b ecau se  of th e i r  e lec trom agnetic  o rig in . I t  is  o ften  assum ed 
th a t  th e  re ta rd a tio n  becom es s ig n if ic a n t when th e  d is ta n ce  of 
se p a ra tio n  betw een  in te ra c t in g  bod ies becom es la rg e r  th a n  th e  
c h a ra c te r is t ic  w aveleng th  of th e  e lec tro m ag n e tic  in te ra c tio n . The 

c h a ra c te r is t ic  w aveleng th  of th e  van  d e r  Waals in te ra c tio n , K , h a s  a 
va lue  of a ro u n d  100 nm fo r  most m ateria ls. However, re ta rd a tio n  can  
be  co n s id e rab le  a t  a  much c lo se r s e p a ra tio n  fo r  sp h e r ic a l p a r tic le s .

The in te ra c tio n  is  re d u c e d  by  a fa c to r  of ab o u t 2 fo r  s p h e re s  of ra d iu s  
1 \ l t t i  s e p a ra te d  by  a d is ta n c e  of 10 nm (X ./10). R eta rd a tio n  is  

im plicitly  in d u c ed  in  th e  L ifsh itz  tre a tm e n t b u t  fo r  th e  Hamaker 

ap p ro a ch  a m odification is  re q u ire d .

C zarneck i an d  D abros (1980) s tu d ie d  th e  e ffe c t of su rfa c e  
ro u g h n e s s  on v an  d e r  Waals in te ra c tio n . T he ir r e s u l t  h as  show n th a t  
when th e  ro u g h n e s s  la y e r  is  th ic k  in  com parison  w ith th e  sep a ra tio n  

d is ta n ce , th e  u n re ta rd e d  in te ra c tio n  a re  su b s ta n tia lly  re d u c ed .

However, th e  e f fe c t  of ro u g h n e s s  is  le s s  p ro m in en t i f  re ta rd a tio n  is  

ta k e n  in to  acco u n t.

(c) Solvation e ffe c ts
The s t r u c tu r e  of a  liq u id  a d ja c e n t to  a  solid  s u rfa c e  is  d if fe re n t 

from  th a t  of th e  bu lk . T his s t ru c tu r in g  e ffe c t of so lv e n t m olecules is  

u su a lly  of s h o r t  ra n g e , of th e  o rd e r  of a  few m olecular d iam eters. In  

aq u eo u s  sy stem s, th e  h y d ra tio n  of su rfa c e  ionic g ro u p s  of p a r tic le s  h as
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im p o rtan t co n seq u en ce  in  th e  in te ra c tio n  of ap p ro ach in g  p a r tic le s , s in ce  
an  in c re a se  in  re p u ls io n  is  ex p ec ted . At c lose a p p ro ach , th e  w ater of 
h y d ra tio n  m ust be  rem oved from  th e  ap p ro ach in g  su rfa c e s . Io n s  in  
aq u eo u s  so lu tion  a re  sim ilarly  h y d ra te d . P ash ley  and  Is ra e lac h v ili 
(1984) s tu d ie d  th e  h y d ra tio n  e ffe c t by  m easu ring  th e  fo rce s  betw een 

mica sh e e ts  in  v a rio u s  e le c tro ly te  so lu tio n s . At low ionic s t r e n g th ,  
th e  rep u ls io n  follows th e  ex p ec ted  exponen tia l form  fo r  doub le  la y e r  

in te ra c tio n . A s h o r t- r a n g e  re p u ls io n  d u e  to  ad so rb ed  h y d ra te d  ions 

can  be  o b se rv ed  a t  h ig h e r  ionic s t r e n g th ,  ab o u t 10-3 M. The 

rep u ls io n  fo rc e s  in c re a se  w ith th e  d e g re e  of h y d ra tio n  an d  a re  ro u g h ly  

exponen tia l o v e r th e  ra n g e  1.5 to  4 nm. At h ig h  e lec tro ly te  

c o n ce n tra tio n , anom alous s ta b ility  of la tex  p a r tic le s  h as  been  o b se rv ed  
(Healy e t  a1 1978) which can  be exp lained  in  te rm s  of h y d ra tio n  fo rce s .

(d) S te ric  in te ra c tio n
The e ffe c t of a d so rb e d  polym er on th e  p a r tic le s  is  complex; th e  

p re se n c e  of a d so rb e d  polym er may modify th e  van  d e r  Waals fo rc e s , 

and  also  th e  e le c tro s ta tic  fo rc e s  in  c h a rg e d  p a rtic le s . The 

s u r fa c e -c h a rg e  d e n s ity  an d  th e  d is tr ib u tio n  of c o u n te r - io n s  betw een  
th e  S te rn  la y e r  an d  th e  d iffu se  la y e r  may well be ch an g ed . While 
small am ounts of a d so rb e d  polym er can  prom ote floccu lation  (see  
Section 2.1.3.(e) s e n s itis a tio n ) , th e  s ta b ility  is  o ften  en h an ced  with 

h ig h e r  am ounts of a d so rb e d  polym ers. Collision of p a r tic le s  coated  
with an  a d so rb ed  la y e r  of polym er c a u se s  th e  a d so rb e d  la y e r s  to  come 

in to  c o n tac t an d  g iv e s  r is e  to  s te r ic  in te ra c tio n  betw een th e  la y e rs .
The la y e r s  may com press  o r  in te rp e n e tra te  d u r in g  an e n c o u n te r . In  
most c a se s , in te rp e n e tra t io n  of th e  la y e rs  is  more like ly  in itia lly  and  

com pression  may become ap p re c ia b le  on c lo se r ap p ro ach .

The in te rp e n e tra t io n  of th e  a d so rb ed  la y e rs  le ad s  to  a local 

in c re a se  in  th e  c o n ce n tra tio n  of polym er seg m en ts . E n thalp ic  and  

e n tro p ic  c h an g e s  will be in v o lv ed . D epending on th e  balance  betw een 
po lym er-po lym er an d  polym er so lv en t in te ra c t io n s , th e  r e s u l t  may be 

rep u ls io n  o r a t tra c t io n  by  an  osm otic m echanism . The num ber of 

p o ssib le  chain  conform ation  is  re d u c ed  a s  th e  a d so rb ed  polym er is  

com p ressed , th e  re d u c e d  e n tro p y  may lead  to  an  in c re a se d  f re e  e n e rg y . 

S im ilarly, if  in te rp e n e tra t io n  ta k e s  place to  a s ig n if ic a n t ex ten t, a
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d e c rea se  in  e n tro p y  an d  an  in c re a se  in  f r e e  e n e rg y  will lead  to  an  
e la s tic  re p u ls io n . D epending on th e  m agn itude  of th e  re sp e c tiv e  
en th a lp ic  an d  e n tro p ic  ch an g e s , th e  sy stem  may be s te r ic a lly  s tab ilized  

o r w eakly flo ccu la ted . T his ty p e  of floccu lation  is  re v e rs ib le  an d  th e  

p a r tic le s  do n o t come in to  t r u e  co n tac t.

The s ta b ility  of p a r tic le s  with a d so rb e d  la y e rs  is  a ffec ted  by:

(i) th e  th ic k n e s s  of th e  a d so rb e d  la y e r
(ii) th e  so lvation  of th e  a d so rb ed  polym er
(iii) th e  s ize  of th e  p a rtic le s

(iv) th e  e ffec tiv e  Ham aker c o n s ta n t of th e  coated  p a rtic le s

The a d so rb ed  la y e r  can  be  c o n s id e re d  a s  a  s te r ic  b a r r ie r  of
s u ff ic ie n t th ic k n e s s  to  p re v e n t  p a r tic le s  ap p ro ach in g  each  o th e r  c lose 

en o u g h  fo r  van  d e r  Waals a ttra c t io n  to  become s ig n ific a n t.
C onsequen tly , a  th ic k e r  a d so rb e d  la y e r  is  re q u ire d  fo r  la rg e r  p a r tic le s  

a s  th e  van  d e r  Waals a ttra c t io n  is  la rg e r  fo r  la rg e r  p a rtic le  a t  a g iven  

se p a ra tio n  d is ta n ce . When th e  po lym ers have  a h ig h e r  a ffin ity  fo r  

w ater th a n  fo r  th e i r  own k in d , th e  mixing of polym er ch a in s  is  n o t 

fa v o u re d  therm odynam ically . A rep u ls io n  betw een th e  s u r fa c e s  will 

re s u lt .  If  th e  so lvency  of th e  w ater fo r  th e  polym er ch a in s  is  
re d u c e d , th e  mixing of th e  c h a in s  could  become therm odynam ically  
fav o u ra b le  which r e s u l ts  in  an  a ttra c t io n  betw een  th e  su rfa c e s . The 
so lvency  of th e  w ater cam be c h an g ed  by  an  ad d itio n  of e le c tro ly te s  o r 
by  ch an g in g  th e  te m p e ra tu re . When p a r tic le s  a re  co v ered  by  a th ic k  

la y e r  of po lym ers, th e  Ham aker c o n s ta n t of th e  a d so rb e d  polym ers may 

be more s ig n if ic a n t th a n  th a t  of th e  b a re  p a r tic le s  in  d e term in ing  th e  
m agn itude  of v an  d e r  Waals fo rce s .

(e) S en sitisa tio n

The s ta b ility  of a  colloidal d isp e rs io n  can  be re d u c e d  by  th e  

ad d itio n  of a  sm all q u a n tity  of polym er w hich would a c t  a s  s tab iliz in g  

a g e n t if  u sed  in  la rg e r  q u a n tity . Two models h av e  b een  p o s tu la ted  to  

explain  th e  floccu lation  of colloidal d isp e rs io n  on ad d itio n  of a  small 
q u a n tity  of polym er. In  th e  polym er b r id g in g  model, a s  show n in  

F ig u re  2.2., seg m en ts  of polym er m olecules become a tta c h e d  to  p a r tic le s  

a t  many p o in ts  (R uehrw ein  an d  Ward, 1952). In  th e  e le c tro s ta tic  p a tch
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model (K asper, 1971; G regory , 1973), th e  p o ly e le c tro ly te s  a d so rb  on 
o p p o site ly  c h a rg e d  p a r tic le s  in  s u c h  a way th a t  th e re  a re  a re a s  of 
e ith e r  ex cess  p o s itiv e  o r  ex cess  n e g a tiv e  c h a rg e s  on th e  su rfa c e . 

A ttrac tio n  of p a r tic le s  o c c u rs  when p o s itiv e  "p a tc h "  of one p a rtic le  
come in to  c o n ta c t w ith th e  n e g a tiv e  " p a tc h "  of a n o th e r  p a rtic le , a s  

show n in  F ig u re  2.3..

(f) H ydrophobic  in te ra c tio n

A h y d ro p h o b ic  s u r fa c e  h a s  l i t t le  a ff in ity  fo r  w ater. As a  re s u lt ,  

w ater avo ids c o n tac t w ith su c h  su r fa c e s . In  aq u eo u s so lu tio n s , 

h y d ro p h o b ic  s u rfa c e s  te n d  to  a sso c ia te  w ith one a n o th e r  so a s  to  

minimize c o n ta c t with w ater. The h y d ro p h o b ic  a ttra c t io n  can  be 

la rg e r  th a n  th e  van  d e r  Waals fo rc e s  an d  e x ten d s  to  a  re la tiv e ly  la rg e r  
d is ta n ce . In te ra c tio n  betw een  h y d ro p h o b ic  su r fa c e s  h a s  been  
d em o n stra ted  by  Is ra e la c h v ili an d  Pash ley  (1984). T hese a u th o rs  have  

fo und  th a t  th e  a ttra c t io n  betw een  h y d ro p h o b ic  s u r fa c e s  in  w ater is  
much s tro n g e r  th a n  th e  con v en tio n a l van  d e r  Waals d isp e rs io n  fo rce  in  

th e  ra n g e  0-8  nm. S ince th e  a t t r a c t iv e  fo rce  d ecay s  exponen tia lly  

with d is ta n ce  r a th e r  th a n  as  a  pow er law, i t  can n o t be  a t t r ib u te d  to  a 
"m odified" van  d e r  Waals in te ra c tio n . A ttrac tio n  betw een h y d ro p h o b ic  
s u r fa c e s  can  be up to  ab o u t 80 nm (C laesson an d  C h ris ten so n , 1988). 

The o rig in  of h y d ro p h o b ic  in te ra c tio n  rem ains c o n tro v e rs ia l. Some 
r e s e a rc h e r s  be lieve  t h a t  th e re  is  a  "h y d ro p h o b ic  bond" asso c ia ted  with 

i t  (Nemethy an d  S ch e rag a , 1962; T an fo rd , 1980). O th ers  re co g n ise  th e  

h y d ro p h o b ic  e ffe c t a s  an  en tro p ic  e ffe c t (M arcelja e t  a1, 1977; P r a t t  
and  C h and ler, 1977; Rao e t  al, 1979 an d  Mihaly e t  a1, 1981a, 1981b,).
The e n tro p ic  e f fe c t a r is e s  from  th e  co n fig u ra tio n a l re a rra n g e m e n t of 

w ater m olecules a ro u n d  h y d ro p h o b ic  sp ec ie s  an d  th a t  th e  h y d ro p h o b ic  
in te ra c tio n  in v o lv es  a f u r th e r  s t r u c tu r a l  re a rra n g e m e n t of w ater a s  two 

h y d ro p h o b ic  p a r tic le s  comes to g e th e r . An in c re a se d  f re e  e n e rg y  

r e s u l ts  from  th e  re d u c e d  e n tro p y  of th e  r e s t r ic te d  s t ru c tu r in g  of 
w ater m olecules in  be tw een  h y d ro p h o b ic  m aterial. A low er f r e e  e n e rg y  

s ta te  is  ach iev ed  th ro u g h  th e  m igration of w ater m olecules from  th e  

gap  to  th e  b u lk  w ater w here th e r e  a re  u n re s tr ic te d  h y d ro g e n -b o n d in g  

o p p o rtu n itie s . D ispersions of h y d ro p h ilic  m ineral a re  usually  s ta b le  in  

aq u eo u s  so lu tion  and  c an n o t be  flo a ted . H owever, in  m ineral
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Figure 2 .2 .  Schem atic  illustration of  bridging flocculation

4- -

Figure 2 .3 .  "Electrostatic patch" model for the interaction of  
negatively charged partic les  with adsorbed  cationic polyelectrolyte
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p ro c e ss in g  s u c h  a  d isp e rs io n  can  b e  su cc e ss fu lly  a g g re g a te d  and  

flo a ted  a f te r  t re a tm e n t w ith su ita b le  flo ta tio n  re a g e n ts . The co llecto r 
u sed  in  flo ta tio n  is  u su a lly  am phiphilic  in  n a tu re . I t  is  g en era lly  

b e liev ed  th a t  th e  h y d ro p h ilic  p a r t  of th e  m olecules a d so rb  on to  th e  

m ineral p a r tic le s  w ith th e  h y d ro p h o b ic  p a r t  p ro je c tin g  to w ard  th e  
a q u eo u s  p h ase . The p re c ise  n a tu re  of h y d ro p h o b ic  a ttra c t io n  in  th e  

a g g re g a tio n  of p a r tic le s  h a s  n o t been  fu lly  e s ta b lish e d .

(g) H ydrodynam ic in te ra c tio n
When p a r tic le s  a p p ro a ch  each  o th e r , th e  d isp e rse  medium m ust 

d ra in  from  th e  reg io n  of c o n tac t. As th e  sep a ra tio n  betw een  th e  

a p p ro ach in g  p a r tic le s  d e c re a se s , i t  becom es in c re a s in g ly  d iff icu lt fo r 

th e  medium to  d ra in . The e ffe c t is  to  r e ta r d  th e  a p p ro a ch  of 
p a r tic le s . This h yd rodynam ic  o r  v isco u s  in te ra c tio n  is  of lo n g e r 

ra n g e  th a n  th e  colloidal fo rce s . At c lo se r ap p ro ach , th e  hydrodynam ic  
re s is ta n c e  is  p a r tly  overcom e by  th e  v an  d e r  Waals a ttra c t io n  b u t  th e  

p a r tic le  collision ra te  can  be  g re a tly  re d u c e d .

2.1.4. S tab ility  of Colloidal P a rtic le s
D eryagin  an d  L audau (1941) a n d  Verwey an d  O verbeek  (1948) have 

in d e p en d e n tly  d eveloped  a  q u a n tita t iv e  th e o ry  to  re la te  th e  s ta b ility  of 
lyophob ic  so ls  in  te rm s  of th e  e n e rg y  c h an g e s  betw een  p a rtic le s  a t  
in f in ite  s e p a ra tio n  an d  a t  a  se p a ra tio n  x. The c lass ica l DLVO ap p ro ach  

to  colloid s ta b ility  is  b a sed  only  on van  d e r  Waals an d  e lec tr ica l 
in te ra c tio n s . T hese c o n tr ib u tio n s  a re  assum ed  ad d itiv e  and  com bine to  

g iv e  th e  to ta l in te ra c tio n .

Y r o tal - Y A  + y s  ( 2 . 16 )

w here Vtoui i s  th e  to ta l e n e rg y  o f in te ra c tio n , th e  sum m ation of th e  

e n e rg y  of a ttra c t io n , Va an d  th e  e n e rg y  of re p u ls io n , Vs. Both th e  Va 

a n d  Vb a re  d is ta n c e  d e p en d e n t. Vi d e c re a se s  approxim ately  
exp o n en tia lly  (eq u a tio n  2.11) w hereas Va d e c re a se s  acco rd in g  to  an 

in v e r s e  pow er law (eq u a tio n  2.12) w ith th e  d is ta n ce  betw een  th e  
p a r tic le s . S ince th e  d e c rea se  w ith d is ta n c e  of Va is  le s s  m arked th a n  

w ith Ve/ van  d e r  Waals a t tra c t io n  will p redom inate  a t  sm all and  la rg e

34



in te rp a r t ic le  d is ta n c e s . The a t t r a c t iv e  an d  re p u ls iv e  p o ten tia l 

e n e rg ie s  fo r  th e  in te ra c tio n  of colloidal p a r tic le s  a re  d ep ic ted  in  

F ig u re  2.4..
The to ta l p o ten tia l e n e rg y  c u rv e  in  F ig u re  2.5. show s a  num ber of 

fe a tu re s :  an  e n e rg y  b a r r ie r ,  a  p rim ary  an d  a seco n d a ry  minimum e
The m agnitude of th e s e  d e term ine  th e  s ta b ility  of th e  colloid. 

A ggregation  o c cu rs  a t  la rg e r  s e p a ra tio n  d is ta n ce  in  th e  seco n d a ry  

minimum, a t  which th e  p a r tic le s  do n o t come in to  c lose co n tac t. For 

sm all p a rtic le s , th e  sec o n d a ry  minimum is  n e v e r  deep  en o u g h  fo r  
a g g re g a tio n  to  o ccu r. F or la rg e  p a r tic le s  ( ra d ii  g re a te r  th a n  1M-m) 

an d  in  so lu tio n s  of m oderately  h ig h  ionic s t r e n g th ,  a g g re g a tio n  in to  th e  

sec o n d a ry  minimum may o ccu r to  g iv e  a  weak, re v e rs ib le  ag g re g a tio n . 

T his phenom enon h as  b een  s tu d ie d  by  Hogg an d  Yang (1976). At small 

s e p a ra tio n  d is ta n ce , tw o co llid ing  p a r tic le s  need  to  h av e  su ff ic ie n t 

e n e rg y  to  overcom e th e  e n e rg y  b a r r ie r  to  come close en o u g h  in to  th e  
p rim ary  minimum in  o rd e r  to  form  a  s ta b le  a g g re g a te . G enerally , a 

b a r r ie r  h e ig h t of a  few kT u n its  is  su ff ic ie n t to  m aintain colloidal 
s ta b ility .

The DLVO th e o ry  p re d ic ts  th e  e f fe c t  of an  in e r t  e le c tro ly te  on 

colloidal s ta b ility  rea so n ab ly  well, a t  le a s t  in  a  sem iq u an tita tiv e  m anner. 
The s tro n g  d ep en d en ce  of th e  c r itic a l coagu la tion  co n ce n tra tio n  on th e  
c o u n te r - io n  valence  is  a lso  p re d ic te d  by  th e  em pirical S chu lze-H ardy  
ru le  (S chu lze , 1882, 1883; H ardy, 1900). However, th e re  a re  o th e r  

ty p e s  of in te ra c tio n  which h ave  to  be  c o n sid e re d . The to ta l p o ten tia l 
e n e rg y  can  be  d e sc rib e d  by  sum m ing th e s e  c o n tr ib u tio n s .

Vrotai^Vatt{van der  W a a l s )  + V rtp{short r a n g e )

+ V r,p(e lectr ostatic)  + V r,p(steric)

+ V rtp(solvat ion)  + V rep(other e f f e c t s ) (2 .17 )

I t  can  be  seen  from  E quation  (2.17) th a t  th e  in te ra c tio n  of tw o 

p a r tic le s  ap p ro ach in g  each  o th e r  is  v e ry  complex. In  p ra c tic e , i t  is  
n o t n e c e ssa ry  to  c o n s id e r all th e s e  c o n tr ib u tio n s  s im u ltaneously , n o r is
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Figure 2.4. Potential energy diagram for colloidal particles
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i t  p o ssib le  in  most c a se s . T h e re fo re , in  g e n e ra l only th e  van  d e r  
Waals fo rce s  an d  th e  long ra n g e  re p u ls io n  fo rce s  e ith e r  from  
e le c tro s ta tic  o r from  s te r ic  c o n tr ib u tio n s  a re  c o n sid e red .

2.2. A ggregation  K inetics

The ra te  a t  which a su sp e n s io n  a g g re g a te s  d e p en d s  on th e  r a te  of 

collision of th e  p a r tic le s  an d  th e  collision e ffic iency  fa c to r . U nder 

p ra c tic a l co n d itio n s , th e  im p o rtan t p a r tic le  t r a n s p o r t  m echanism s a re  

Brow nian Motion (p e rik in e tic  flo ccu la tion ), flu id  motion (o rth o k in e tic  

floccu lation ) an d  d iffe re n tia l s e tt l in g . Collision m echanism s and  

fa c to rs  a ffec tin g  collision e ffic ien cy  a re  c o n s id e red  in  th e  following 

sec tio n s .

2.2.1. P e rik in e tic  floccu lation

P erik in e tic  floccu lation  o c c u rs  a s  a  r e s u l t  of random  Brow nian 

motion of th e  p a rtic le s  an d  th e  collision ra te  can  be ca lcu la ted  from  
d iffu sio n  th e o ry . The f i r s t  q u a n tita tiv e  tre a tm e n t of floccu lation  

k in e tic s  was p u t  fo rw ard  by Sm oluchow ski (1916). C onsider a 
su sp e n sio n  co n ta in in g  sp h e r ic a l p a r tic le s  of ra d ii  a i and  a 2, and  

n u m ber c o n ce n tra tio n  Ni an d  N2 , th e  collision f re q u e n c y  J 12 (p e r  u n it  

volume an d  u n it  tim e) is  g iven  by:

J = (2kT/3x\ )N XN 2( a x + a 2)2 /  a \ a z ( 2 . 1 8 )

w here k is  Boltzm ann’s  c o n s ta n t, T th e  ab so lu te  te m p e ra tu re , u th e  

v isco s ity  of th e  flu id .
The ra te  c o n s ta n t Kp«i fo r  p e r ik in e tic  floccu lation  can  be w ritten

as:

2fcT(a1 + a 2)2
n n (2 *19)3t] C l \ CL 2

By m aking a num ber of sim plify ing  assu m p tio n s , su c h  a s  sp h e r ica l
p a r tic le s  in itia lly  of uniform  s ize , th e  following ex p ress io n  fo r  th e

c h an g e  in  to ta l num ber c o n ce n tra tio n  of p a r tic le s , Nt/ with tim e, t ,  h as

been  d e riv ed :

- d N r  2
—^ — = (4 a fc r  /  3  r |) /V f-

= K f N r  ( 2 . 2 0 )
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w here  a  is  th e  fra c tio n  of su c c e ss fu l co llisions, and  Kf is  know n a s  th e  
floccu lation  ra te  c o n s ta n t. a  is  th e  collision effic iency  fa c to r  which 

d ep en d s  on th e  colloidal s ta b ility  of th e  p a rtic le ; i t  allows fo r  th e  

p o ssib ility  th a t  n o t all co llisions may be  su c c e ss fu l in  p ro d u c in g  
a g g re g a te s .

E quation  (2.20) show s th a t  th e  floccu lation  p ro c e ss  is  second  o rd e r  

with re s p e c t  to  p a r tic le  co n ce n tra tio n  an d  th a t  th e  floccu lation  ra te  
c o n s ta n t Kf is  in d e p e n d e n t of p a rtic le  s ize , a s  th e  size  te rm s  cancel 

from  E quation  (2.19) when a i = a 2 . The te rm  (a i + a 2)2/a ia 2 = 4 when 

a i = a 2. The value of th e  size  te rm  is  a b o u t 5 fo r  p a rtic le s  of s izes  

d iffe r in g  by a fa c to r  of 3, so th a t  th e  assum ption  of a c o n s ta n t size 

te rm  is  s till  rea so n ab le . As floccu lation  p ro ceed s , th e  opposing  e ffe c ts  

of d e c rea s in g  d iffu sio n  co effic ien t and  in c re a s in g  collision ra d iu s  with 

la rg e r  p a r tic le  size  on collision ra te  cance l o u t fo r  sim ilar sized  

p a rtic le s . However, th e  r a te  fo r  la rg e r  d iffe ren c es  in  size  becom es 

ap p re c ia b ly  f a s te r  th a n  fo r eq u a l p a r tic le s . F u rth e rm o re , p a r tic le  size 
can  a ffe c t a . T h e re fo re , th e  Sm oluchow ski ap p ro ach  to  p e rik in e tic  
floccu lation  is  only app licab le  a t  th e  e a r ly  s ta g e s  of floccu lation .

In  d ilu te  e le c tro ly te  so lu tio n s , rep u ls io n  betw een  c h a rg e d  p a rtic le s  
can  be s ig n if ic a n t an d  co n seq u en tly  th e  collision effic iency  can  be v e ry  
low. The experim en ta l floccu lation  r a te  fo r  a fu lly  d e s tab ilised  

su sp e n sio n  is  o ften  s lig h tly  le ss  th a n  th e  p re d ic te d  Sm oluchowski ra te . 
The e ffe c t of hyd rodynam ic  in te ra c tio n  can  acco u n t fo r  th e  d isc rep an cy  

an d  th is  a sp e c t will be c o n s id e re d  in  Section 2.2.4..

2.2.2. O rth o k in e tic  floccu lation

I t  is  know n th a t  g en tle  ag ita tio n  of a d e s tab ilized  d isp e rs io n  o ften  

le ad s  to  a  la rg e  in c re a se  in  floccu lation  ra te  an d  form ing much la rg e r  

floes th a n  would be form ed by  d iffu sion  alone. The p a rtic le  t r a n s p o r t  
m echanism  is  d u e  to  th e  re la tiv e  motion of p a r tic le s , th e  so -ca lled  

o rth o k in e tic  floccu lation . Lam inar sh e a r  and  iso tro p ic  tu rb u le n c e  a re  

tw o ty p e s  of flu id  motion c o n sid e red  in  th e  d e riv a tio n  of ra te  eq u a tio n s
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fo r  o rth o k in e tic  floccu la tion . In  th e  Sm oluchow ski tre a tm e n t of 
o rth o k in e tic  floccu lation  in  a  uniform  lam inar s h e a r  fie ld  (1917), i t  is  
assum ed  th a t  p a r tic le s  follow flu id  s tre am lin es  an d  th e  collision 

f re q u e n c y  d e p en d s  on th e  size  of th e  p a r tic le s  and  on th e  velocity  
g ra d ie n t o r s h e a r  ra te ,  G. The collision fre q u e n c y  is

J (12) = ( a  1 + a 2) W t A/2 ( 2 . 2 1 )

w here J 12 r e p re s e n ts  th e  num ber of co llisions in  u n it  volume an d  u n it

tim e among p a r tic le s  of r a d ii  a i an d  a 2, an d  num ber co n ce n tra tio n  Ni

an d  N2 .
The r a te  c o n s ta n t Kortho fo r  o rth o k in e tic  floccu lation  can  be  w ritten

as:

/ f . r .» . - | e ( a ,* a 2)3 (2.22)

The ra te  of d e c rea se  of th e  to ta l  p a r tic le  co n ce n tra tio n , Nt, fo r  a 
m onod ispersed  su sp e n sio n  is

d N r _ 1 6  2 3 — d N rGa (2 .23 )

The te rm  a  in d ic a te s  th e  fra c tio n  of su c c e ss fu l co llisions. The 

d ep en d en ce  o f th e  r a te  on th e  th i r d  pow er of p a rtic le  size  a cco u n ts  fo r  
th e  h ig h e r  floccu lation  ra te  commonly o b se rv e d  fo r o rth o k in e tic  

floccu lation  of la rg e r  p a r tic le s .

All p ra c tic a l floccu lation  p ro c e sse s  ta k e  p lace u n d e r  tu r b u le n t  

co n d itio n s . The Sm oluchow ski tre a tm e n t of uniform  lam inar s h e a r  is  

no lo n g e r app licab le . An ap p ro ach  to  t r e a t  floccu lation  in  tu rb u le n t  
flow was d u e  to  Camp an d  S tein  (1943). They d e riv e d  an  a v e rag e  

s h e a r  ra te ,  G-, from  th e  ra te  of tu r b u le n t  e n e rg y  d iss ip a tio n  to  th e  

flu id  in  th e  floccu lation  v esse l.

G - ( P / \ lV ) 1' 2 (2 .24 )

w here  P is  th e  n e t pow er in p u t  to  a volume V of flu id .

This C am p-Stein ap p ro a ch  is  an  o v er-s im p lifica tio n , s in ce  th e  

tu rb u le n t  flow is  much too com plicated  to  be t r e a te d  by  sim ple

a v e ra g in g  of th e  pow er in p u t. How ever, th e  r e s u l t  is  v e ry  c lose  to

th a t  from  a more r ig o ro u s  tre a tm e n t by Saffm an an d  T u rn e r  (1956) fo r

p a r tic le  co llisions in  iso tro p ic  tu rb u le n c e .



2.2.3. D ifferen tia l s e tt l in g

D ifferen tia l s e tt lin g  r e f e r s  to  th e  collision p ro c e ss  in  which 

co llisions of p a r tic le s  a r is e  from  p a r tic le s  of d if fe re n t s ize  o r d e n s ity  

s e tt l in g  a t  d if f e re n t r a te s .  A se tt l in g  p a rtic le  o v e r ta k e s  and  collides 
w ith a  p a r tic le  of low er sed im en ta tion  ve locity . Assum ing th e  S tokes 

law ap p lie s , th e  collision f re q u e n c y  fo r  sp h e r ic a l p a r tic le s  of eq u al 

d e n s ity  is

J 12 = (2 n g /9 i i ) (p s- p ) N , A/2( a ,  + a 2) 3(a , - a 2) (2 .25)

w here g is  th e  acce le ra tio n  due  to  g ra v ity , an d  ps an d  p a re  th e

d e n s it ie s  of th e  p a r tic le s  an d  flu id  re sp e c tiv e ly . This collision 

m echanism  d e p en d s  on d if fe re n t  p a r tic le s  h av in g  d if fe re n t 

sed im en ta tion  velocities . I t  is  en h an ced  by a h ig h e r  p a rtic le  d e n s ity  
an d  by  a wide ra n g e  of p a rtic le s .

2.2.4. H ydrodynam ic e ffe c ts

I t  h as p re v io u s ly  b een  m entioned th a t  th e  collision effic iency  
fa c to r  can  be le ss  th a n  one ev en  when th e  p a r tic le s  a re  fu lly  
d e s ta b ilise d  b ecau se  of h y d rodynam ic  in te ra c tio n . I t  is  g en era lly  

b e liev ed  th a t  th e  d isp lacem en t of th e  flu id  from  th e  n a rro w in g  gap 
betw een  th e  tw o ap p ro ach in g  p a r tic le s  a t  c lose  ap p ro a ch  is  th e  o rig in  

of h yd rodynam ic  fo rce s  which te n d  to  p re v e n t  p a r tic le s  coming in to  
c lose  co n tac t. However, a t t r a c t iv e  fo rc e s  su ch  a s  van  d e r  Waals 
fo rc e s  can  overcom e th e  v isco u s re s is ta n c e  an d  allow p a rtic le s  to  come 
to g e th e r  to  form  a g g re g a te s . In  th e  case  of o p p o s ite ly -c h a rg e d  
in te ra c t in g  p a r tic le s , th e r e  may be  lo n g -ra n g e  a t tr a c t iv e  fo rce s  

b r in g in g  th e  p a r tic le s  to g e th e r . The e f fe c t  of hydrodynam ic  fo rce s  

can  r e ta r d  th e  ap p ro a ch  of p a r tic le s  many p a rtic le  d iam eters  a p a r t .
H ydrodynam ic e ffe c ts  in  p e r ik in e tic  floccu lation  c au se  a  re d u c tio n  

in  d iffu sio n  co effic ien t of th e  ap p ro a ch in g  p a rtic le s . In  o rth o k in e tic  

floccu la tion , hyd ro d y n am ic  e ffe c ts  a re  more p rom inen t an d  can  g re a tly  

re d u c e  th e  floccu lation  ra te .  I t  c a u se s  p a rtic le s  in  s h e a r  flow to  

d e v ia te  from  re c ti l in e a r  p a th s  an d  th e  p re se n c e  of a  p a rtic le  can 

in flu en c e  th e  t r a je c to r ie s  of n e ig h b o u rin g  p a rtic le s . The colli si on 
e ffic ien cy  is  re d u c e d  a s  th e  p a rtic le  size  an d  th e  s h e a r  r a te  a re  
in c re a se d . H ydrodynam ic e ffe c ts  become much more im p o rtan t fo r
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p a r tic le s  of d if f e re n t  s iz e s  (A dler, 1981). H owever, i t  is  p o ssib le  th a t  

hydrodynam ic  fo rce s  a re  much le ss  s ig n if ic a n t when th e  in te ra c tin g  
p a r tic le s  a re  p o ro u s  a s  in  loosely b o u n d  a g g re g a te s  of colloidal 

p a r tic le s  (W olynes an d  McCammon, 1977). When in te rp a r t ic le  rep u ls io n  

is  s ig n ific a n t, floccu lation  in  s h e a r  flow is  v e ry  d iff icu lt to  an a ly se . 

Colloidal an d  hydrodynam ic  fo rc e s  com bine in  a complex m anner. I t  is  

p o ssib le  th a t  a  su sp e n s io n  could  be s ta b le  o v e r a  c e r ta in  ra n g e  of 
s h e a r  ra te s ,  b u t  flo ccu la te  a t  h ig h e r  an d  low er v a lu es  (H irtzel and  
R ajagopalan , 1985).

2.3. F locculation  by  Polym ers

The n a tu re  of o rg an ic  polym eric flo ccu lan ts  an d  polym eric 

floccu lation  a re  d e sc rib e d  in  th is  sec tio n .

2.3.1. O rganic polym eric flo ccu lan ts

Chemical a d d itiv e s  a re  o ften  u sed  to  im prove th e  se p a ra tio n  of 
p a r tic le s  by  p ro c e sse s  s u c h  a s  sed im en ta tio n , f il tra tio n  an d  flo ta tio n . 
The u se  of s y n th e tic  o rg an ic  polym er flo ccu lan ts  in  th e  w ater tre a tm e n t 

fie ld  b egan  in  th e  la te  1950's. T h ere  a re  a  few c h a ra c te r is t ic s  of 
p o ly e le c tro ly te s  th a t  make them  more su ita b le  fo r  a c e r ta in  sp ec ific  
w ater tre a tm e n t ap p lica tio n . The m ost im p o rtan t c h a ra c te r is t ic s  a re  

th e  n a tu re  of th e  monomer u n its  th a t  make up  th e  p o ly e lec tro ly te , th e  
ty p e  of c h a rg e d  g ro u p , th e  v a ry in g  c h a rg e  d e n s ity , th e  m olecular 

w eigh t an d  th e  s t r u c tu r e  ( lin ea r o r  b ra n c h e d )  of th e  p o ly e lec tro ly te .

A wide ra n g e  of p ro p e r tie s  can  r e s u l t  from  s y n th e s is  of 

p o ly e le c tro ly te s  an d  th is  m akes th e  se lec tio n  of p o ly e le c tro ly te s  a  v e ry  
d iff icu lt ta s k . Knowledge of th e  poly e le c tro ly te s /p a r t ic u la te s  

in te ra c t io n s  is  of g r e a t  im portance  to  th e  se lec tio n . H owever, i t  is  n o t 

a lw ays p o ssib le  to  p re d ic t  th e  optimum ty p e  fo r  sp ec ific  app lica tion .

The e fficacy  of poly e le c tro ly te s  in  an y  sy stem  is  e v a lu a ted  th ro u g h  

la b o ra to ry  s c re e n in g  an d  in -p la n t  te s t in g .
P o ly e lec tro ly te s  can  be  nonionic , an ionic  o r cation ic  in  c h a ra c te r  

d ep en d in g  upon  th e  monomer u n it  of th e  poly e lec tro ly te . Most 

com m ercial p ro d u c ts  a re  b a sed  on hom opolym erization o r 
copolym erization  of acry lam ide  m onomers. A crylam ide is  o ften
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hom opolym erized to  form  po lyacry lam ide, a  nonionic polym er 

(M angrav ite , 1983). A crylam ide is  copolym erized  with a c ry lic  acid  o r 

sodium  a c ry la te  to  make anionic  po lym ers (Yen, 1976). A lte rn a tiv e ly , 

an ion ic  polym ers can  be made v ia th e  hom opolym erization of acry lam ide 

an d  h y d ro ly s is  of some of th e  acry lam ide  g ro u p s  to  sodium  a c ry la te  

(Yen, 1976). Cationic polym ers a re  commonly made by  copolym erization 
of acry lam ide  w ith a  su ita b le  ca tion ic  monomer, su c h  a s  

d im ethy lam inoethy l a c ry la te  o r m e th acry la te  (G regory , 1986). C harge 

d e n s ity  d e p en d s  on th e  n u m ber of io n isab le  g ro u p s  an d  th e  d e g re e  of 

io n isa tio n . The n u m ber of io n isab le  g ro u p s  is  de term in ed  d u rin g  

polym er s y n th e s is  e .g ., th e  d e g re e  of h y d ro ly s is  of polyacry lam ide o r 

th e  p ro p o rtio n  of cation ic  monomer in c o rp o ra te d . The d e g re e  of 
io n isa tio n  d e p e n d s  on th e  n a tu re  of th e  ionic g ro u p s  an d  th e  so lu tion  

co n d itio n s . The cation ic  c h a rg e  of th e  u n q u a te rn iz e d  o r p a rtia lly  

q u a te rn iz e d  polyam ines is  pH d e p e n d e n t. Q u a te rn a ry  polyam ines a re  

v e ry  s lig h tly  a ffe c ted  by  pH, rem ain ing  p o sitiv e ly  c h a rg e d  o v e r a  
b ro a d  pH ra n g e .

2.3.2. F locculation  m echanism s

R uehrw ein  an d  Ward (1952) p ro p o sed  th a t  i t  is  p o ssib le  fo r  a 
polym er chain  to  a d so rb  on to  more th a n  one p a rtic le , e spec ia lly  when 

th e  m olecular d im ensions of th e  polym er a re  com parable  with th e  size  

of colloidal p a r tic le s . The p a r tic le s  a re  sa id  to  be  "b r id g e d "  by 
a d so rb e d  polym er an d  th is  floccu lation  m echanism  is  te rm ed  b rid g in g  

floccu lation . In  o rd e r  to  b r in g  a b o u t b r id g in g  floccu lation , a d so rb e d  

po lym ers m ust ex ten d  f a r  en o u g h  from  th e  p a rtic le  su rfa c e  to  a tta c h  to  

o th e r  p a rtic le s  an d  th e r e  m ust be  su ff ic ie n t unoccup ied  su rfa c e  

availab le  fo r  ad so rp tio n  of seg m en ts  from  th e s e  ex ten d ed  polym er 

ch a in s  (see  F ig u re  2.2).
In  Michaels* s tu d y  (1954) on th e  floccu lation  of c lay  su sp e n s io n s  

by  po lyacry lam ide, th e  floccu lation  was fo u n d  to  im prove a s  th e  

m olecular w eigh t of th e  polym er in c re a se d  an d  th a t  a c e r ta in  d e g re e  of 
h y d ro ly s is  (o r an ionic c h a ra c te r )  g iv e s  b e t te r  floccu lation . The b e tte r
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floccu lation  is  a tta in e d  when th e  e x te n t of an ionic su b s ti tu tio n  is  

in c re a se d  up to  a  p o in t a t  which maximum chain  ex ten sio n  is  ach ieved  
w ithou t m arked e le c tro s ta tic  in te r fe re n c e  w ith polym er ad so rp tio n .

B ridg ing  m echanism  is  dom inant fo r  th e  floccu lation  p ro c e ss  when 
nonionic flo ccu lan ts  o r when poly e le c tro ly te s  of th e  sam e c h a rg e  a s  th e  

p a r tic le s  a re  u sed . H ydrophobic  b o n d in g , h y d ro g e n  bond ing  and  

d ip o le -c ry s ta l fie ld  e ffe c ts  h av e  b een  su g g e s te d  to  b r in g  ab o u t th e  

sp ec ific  in te ra c tio n  fo r  th e  b in d in g  of polym er seg m en ts  onto  p a rtic le s  

su rfa c e . In  th e  case  of p o ly e le c tro ly te s  of th e  same c h a rg e  a s  th e  

p a r tic le s , a  f u r th e r  p o ssib ility  a r is e s  in  which th e  p re se n c e  of some 

c r itic a l co n ce n tra tio n  of e lec tro ly te  (o ften  a d iv a len t m etal sa lt)  is  

re q u ire d  fo r a d so rp tio n  (Som m erauer e t  al, 1968). In  su c h  c a se s , no 

a d so rp tio n  o c c u rs  in  th e  ab sen ce  of ad d ed  sa lt . T here  is  also  

ev id en ce  (O'Gorman an d  K itchener, 1974) to  show th a t  th e  ad so rp tio n  of 
an ion ic  p o ly e lec tro ly te s  is  n o t sim ply an  ionic s t r e n g th  e ffec t, b u t  th a t  
io n s  su c h  a s  Ca2+ prom ote ad so rp tio n  by  b in d in g  anionic  g ro u p  of th e  
polym er ch a in s  to  th e  c h a rg e d  s i te s  on th e  p a rtic le  su rfa c e . In  th e  
floccu lation  of p a r tic le s  by  op p o site ly  c h a rg e d  poly e le c tro ly te s , th e  

b r id g in g  mechanism p lay s  a dom inant ro le  if  th e  m olecular w eight of 

th e  p o ly e le c tro ly te s  is  h ig h , th e  c h a rg e  d e n s ity  is  low an d  th e  p a rtic le  
c o n ce n tra tio n  is  h igh .

An a lte rn a tiv e  m echanism , know n a s  th e  e le c tro s ta tic  p a tch  e ffec t, 

was p ro p o sed  by  K asper (1971) an d  G regory  (1973). I t  may n o t be 
p h y sica lly  p o ssib le  fo r  th e  p a r tic le  c h a rg e  to  be  n e u tra lis e d  

in d iv id u a lly  by  th e  a d so rp tio n  of o p p o site ly  c h a rg e d  polym ers. Even 
when th e  p a r tic le  is  e lec trica lly  n e u tra l  a s  a  whole e n ti ty , th e re  a re  
a re a s  b e a rin g  th e  o rig in a l p a r tic le  c h a rg e  an d  re g io n s  of excess  
o p p o site  c h a rg e  d u e  to  a d so rb e d  p o ly e lec tro ly te . S tro n g  e le c tro s ta tic  

a t tra c t io n  can  r e s u l t  when p o s itiv e  an d  n e g a tiv e  a re a s  o f d if fe re n t 

p a r tic le s  come in to  c o n ta c t (see  F ig u re  2.3). This mode of floccu lation  

can  be  s ig n if ic a n t when p a rtic le s  h av in g  low d e n s ity  of immobile 
s u r fa c e  c h a rg e s  in te r a c t  w ith h ig h  c h a rg e  d e n s ity  polym ers.

Polym eric floccu lation  can  be  co n s id e re d  to  com prise th e  following 

p ro c e sse s  (A kers, 1972):

(a) T ra n s p o r t  of polym er m olecules to  th e  su sp e n d e d  p a rtic le s .
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(b) A dsorp tion  of polym er m olecules on th e  p a rtic le s .
(c) R e-a rran g em en t of th e  a d so rb e d  polym er m olecules to  an 

equ ilib rium  co n fig u ra tio n .

(d) Collisions of p a r tic le s  to  form  s ta b le  a g g re g a te s  e ith e r  by 
b rid g in g  o r by  e le c tro s ta tic  p a tc h  e ffe c ts .

(e) B reak -u p  of a g g re g a te s

T hese p ro c e sse s  o ccu r s im ultaneously  and  th a t  th e y  may in flu en ce  

one a n o th e r . C onsequen tly , th e  a n a ly s is  of th e  o v e ra ll p ro c e ss  is  

r a th e r  d ifficu lt. The k in e tic  a sp e c ts  of floccu lation  by  polym er, 

in vo lv ing  th e  t r a n s p o r t  an d  ad so rp tio n  of polym er m olecules, and  

p a rtic le  co llisions, a re  d e sc rib e d  in  Section 2.3.3. Very little  is  known 

re g a rd in g  th e  re -a r ra n g e m e n t of th e  a d so rb e d  polym er m olecules and  
th e  in flu en ce  i t  h a s  on th e  s u b s e q u e n t s te p s . This a sp e c t will be 

d isc u sse d  in  d e ta il in  Section 2.3.3.d.. In  th e  p re s e n t  sec tion  th e  

fe a tu re s  of polym er a d so rp tio n  an d  p a rtic le  floccu lation  a re  o u tlined .
The a d so rp tio n  o f polym er m olecules an d  th e  floccu lation  of 

p a r tic le s  have  been  co n s id e re d  by  G regory  (1982) as  collision 
p ro c e sse s . The ra te  eq u a tio n  of p e r ik in e tic  (d iffu sio n  co n tro lled ) and  

o rth o k in e tic  (sh e a r  in d u ced ) co llisions a re  u sed  to  estim ate  th e  r a te s  of 
polym er ad so rp tio n  an d  p a rtic le  floccu lation . The ca lcu la ted  re s u l ts  
show th a t  w ith an in c re a se  in  polym er s ize , th e  r a te  of polym er 

a d so rp tio n  would d e c rea se  if  p e rik in e tic  collision is  dom inant and  th e  
r a te  would in c re a se  if  o rth o k in e tic  collision is  dom inant. The r a te  of 

polym er ad so rp tio n  will n e a r ly  a lw ays be  g re a te r  th a n  th e  flocculation  

ra te  when th e  r a te  of collision is  d iffu sio n  co n tro lled . In  sh e a re d  
s u sp e n s io n s , th e  re la tiv e  r a te s  of polym er a d so rp tio n  an d  p a rtic le  

collision a re  s h e a r  d ep en d e n t. The floccu lation  p ro c e ss  d ep en d s  to  a 

c e r ta in  e x te n t on th e  re la tiv e  r a te s  of polym er a d so rp tio n  an d  p a rtic le  

collision.
F locculation  of a  su sp e n sio n  does n o t beg in  im m ediately following 

an ad d itio n  of polym er. F or b o th  th e  b r id g in g  mechanism an d  th e  

e le c tro s ta tic  p a tc h  e ffe c t, co llid ing  p a r tic le s  need  to  a cq u ire  enough  

a d so rb ed  polym er to  be su ffic ie n tly  d e s tab ilized  fo r  floccu lation  to  

o ccu r. When th e  b r id g in g  m echanism  dom inates, th e re  m ust be enough
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polym er b r id g e s  betw een  in te ra c t in g  p a r tic le s  so t h a t  th e  a g g re g a te s  

form ed a re  of su ff ic ie n t s t r e n g th .  In  s itu a tio n s  w here th e  
e le c tro s ta tic  p a tch  e ffe c t dom inates, e le c tro s ta tic  re p u ls io n  betw een 

p a r tic le s  m ust be re d u c ed  su ffic ie n tly  to  allow o p p osite ly  c h a rg e d  a re a s  

of collid ing p a rtic le s  to  a t t r a c t  one a n o th e r . S u b seq u en tly , p a rtic le s  

a re  likely  to  u n d e rg o  se v e ra l co llisions with o th e r  p a r tic le s  b e fo re  

acq u ir in g  en o u g h  ad so rb ed  polym er m olecules to  allow s tab le  

a g g re g a te s  to  form , d e sp ite  th e  num ber of polym er m olecules is  
c e r ta in ly  many tim es more th a n  th a t  of p a r tic le s  in  any  sy stem s. The

tim e lag betw een  th e  ad d itio n  of polym er an d  th e  o n se t of flocculation  
can  be more p ro n o u n ced  in  d ilu te  su sp e n s io n s .

2.3.3. K inetic a sp e c ts  of polym er a d so rp tio n  and  floccu lation

The ad so rp tio n  of polym er m olecules on p a rtic le s  is  an  e sse n tia l 

s te p  in  bo th  b r id g in g  an d  e le c tro s ta tic  p a tc h  m echanism s. As 

m entioned p re v io u s ly , co llid ing  p a r tic le s  need  to  a c q u ire  enou g h  
a d so rb e d  polym er fo r  floccu lation  to  o ccu r. The re la tiv e  r a te s  of 
polym er ad so rp tio n  an d  p a rtic le  collision a re  com pared , u sin g  b o th  

d iffu s io n -co n tro lle d  (p e rik in e tic )  an d  sh e a re d - in d u c e d  (o rth o k in e tic ) 
t r a n s p o r t  m echanism s to  model th e  collision p ro cess .

(a) Polym er a d so rp tio n  ra te

The polym er ad so rp tio n  ra te  can  be  modelled by  th e  ra te  of a r r iv a l 

of polym er m olecules a t  p a rtic le  s u r fa c e s , espec ia lly  when th e  su rfa c e  

co v e rag e  is  low. The ad so rp tio n  of polym er on d isp e rse d  p a rtic le s  is  
e sse n tia lly  a t ra n s p o r t- l im ite d  p ro c e ss , a lth o u g h  th e  ra te  of a d so rp tio n  

is  like ly  to  be re d u c e d  a s  p a rtic le  s u r fa c e s  become more fu lly  co v ered  

by  a d so rb e d  polym er an d  leav e  few er ad so rp tio n  s ite s . The 

a ssum ption  of a  tra n s p o r t- l im ite d  r a te  is  accep tab le  b ecau se  optimum 

floccu lation  u su a lly  o c cu rs  a t  co n s id e ra b ly  le s s  th a n  com plete su rfa c e  

co v erag e .

The ra te  of polym er a d so rp tio n , modelled a s  collision p ro c e ss  

among p a rtic le s  an d  po lym ers, can  be d e sc r ib e d  by E quation  (2.26) as  

follows:

^  a d s  ** K  a d s  ^  partic le  ^  po lym er  ( 2 .2 6 )
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w here  J abs is  th e  n u m ber of p a rtic le -p o ly m er e n c o u n te rs  o c c u rr in g  in  

u n it  volume p e r  u n it tim e an d  K ads is  a  r a te  c o n s ta n t, when th e r e  a re  
in itia lly  N parttel, p a r tic le s  an d  Afpoiy(n#r polym er m olecules p e r  u n it  volume.

U nder p ra c tic a l co n d itio n s , th e  num ber c o n ce n tra tio n  of polym er 

m olecules p re s e n ts  in  th e  system  will be  more th a n  th a t  of p a r tic le s .

A su b s ta n tia l fra c tio n  of th e  a d d ed  polym er h as to  be a d so rb ed  to  

d estab iliz e  th e  p a rtic le s  su ffic ie n tly , in  o rd e r  to  b r in g  ab o u t 

floccu lation . The re a so n s  h ave  b een  d e sc rib e d  in  Section 2.3.2.. The 

tim e tads re q u ire d  to  a d so rb  a  fra c tio n  f  of th e  ad d ed  polym er can  be 

d e riv e d  from  E quation  (2.26) (G rego ry , 1982):

<-d." -  In ( 1 -  / ) /  K a d s  N partte l* (2 .27)

In  th e  d e riv a tio n  of E quation  (2.27), th e  p a rtic le  num ber 
co n ce n tra tio n  is  assum ed to  rem ain  c o n s ta n t and  th a t  th e  ra te  c o n s ta n t 

i s  in d e p e n d e n t of su rfa c e  co v erag e . H owever, th e  availab le  su rfa c e  
a re a  will d e c rea se  a s  a d so rp tio n  o c cu rs , lead in g  to  a  d e c rea se  in  K ads 
an d  in  th e  num ber of p a r tic le s  N parUclt a s  floccu lation  o c cu rs . As a 

r e s u l t  of a  d e c re a se  in  K ads and  in  N parttcla d u r in g  th e  c o u rse  of 
floccu lation , th e  a c tu a l ad so rp tio n  tim e will be  g re a te r  th a n  tads a s  
ca lcu la ted  from  E quation  (2.27). N ev erth e le ss , th e  ca lcu la ted  t ads can  

s e rv e  a s  a u se fu l e stim ate  of th e  minimum tim e n eeded  fo r  th e  
a d so rp tio n  of a  p re d e te rm in ed  am ount of polym er. A s ig n ific a n t 
f e a tu re  of E quation  (2.27) is  th e  in v e rs e  d ep en d en ce  of th e  a d so rp tio n  

tim e on th e  num ber c o n ce n tra tio n  of p a r tic le s . I t  can  be d educed  
from  E quation  (2.27) th a t  a  lo n g e r a d so rp tio n  tim e fo r  a  c e r ta in  d e g re e  
of ad so rp tio n  is  more like ly  to  be  o b se rv e d  in  d ilu te  su sp e n s io n s  as  

th e  r a te  of polym er a d so rp tio n  a re  an  in v e rs e  fu n c tio n  of p a r tic le s  
c o n ce n tra tio n . The te rm  " ra te  of a d so rp tio n "  is  of l i t t le  m eaning 

w ithou t sp ec ify in g  th e  p a rtic le  co n ce n tra tio n . For a g iven  polym er 

c o n ce n tra tio n , tadt i s  s h o r te r  a t  a  h ig h e r  p a r tic le  co n cen tra tio n  b u t  th e  

su r fa c e  co v e rag e  of th e  p a r tic le s  will be low er.

(b) F locculation  r a te
E quation  (2.26) can  be  u sed  to  d e sc r ib e  th e  r a te  of floccu lation  by 

s u b s t i tu t in g  N polymar w ith N  parttcla . Hence,

J F l o e  = K Floe ( N p a r t t e U  ) 2 (2 .28 )
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The floccu lation  ra te  is  modelled a s  collision p ro c e ss  among 

p a r tic le s . The floccu lation  ra te  is  a  fu n c tio n  of th e  collision 
f re q u e n c y  an d  a colli si on e ffic iency  fa c to r , a  , which is  th e  f ra c tio n  of 

co llisions lead in g  to  p e rm an en t a g g re g a te s . A collision e ffic iency  of 
u n ity  is  n o t g en era lly  o b se rv ed  fo r  a n um ber of re a so n s , in c lu d in g  

h ydrodynam ic  in te ra c tio n , e le c tr ic  doub le  la y e r  rep u ls io n  and  s te r ic  

s tab iliza tio n .
In  polym er floccu lation , th e  collision e ffic iency  is  f re q u e n tly  

assum ed  to  be p ro p o rtio n a l to  th e  te rm  0 ( 1 - 0 )  , w here © is  th e  frac tio n  

of th e  p a rtic le  su rfa c e  c o v ered  by  polym er (Healy an d  La Mer, 1964). 

S u ccessfu l co llisions o ccu r when coated  an d  un co ated  a re a s  of collid ing 

p a r tic le s  come in to  c o n tac t. I t  follows th a t  th e  maximum ra te  of 

su c c e ss fu l collision will o ccu r when 0 - 0 .5 .  A h ig h e r  th a n  th e  
ex p ec ted  floccu lation  ra te  is  p o ssib le . Hogg (1984) h a s  c o n sid e red  th e  

case  w here co llid ing  p a r tic le s  a re  ab le  to  ro ta te  to  g ive  a more 

fa v o u ra b le  in te ra c tio n .

tail

loops

trains

Figure 2 .6 . A schem atic d iagram  showing the com form ation of 
an adsorbed polym er m olecule in trains, loops and tails

I t  is  know n th a t  polym ers a d so rb  in  loops and  t r a in s  with th e  ta ils  

of th e  polym er ex ten d in g  co n s id e rab ly  f u r th e r  from  th e  su rfa c e  

(C osgrove, 1987), a s  d ep ic ted  in  F ig u re  2.6.. The re la tiv e  num ber of 

seg m en ts  in  th e  th r e e  p h y sica lly  d is tin c t p a r ts :  ta ils , loops an d  t r a in s  

d e p e n d s  on th e  ad so rp tio n  p a ra m e te rs  of th e  system . The c a p tu re  of 
p a r tic le s  by  a d so rb ed  polym ers which ex ten d  some way from  th e
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p a rtic le  s u rfa c e  would g ive  an  in c re a se  collision ra d iu s , lead in g  to  a 

more ra p id  floccu lation . Even in  c a se s  w here th e  polym er a d so rb s  
on to  opposite ly  c h a rg e d  p a r tic le s  w ith a  r a th e r  f la t  conform ation , an 
en h an ced  floccu lation  ra te  h as b een  o b se rv e d  due  to  th e  " e le c tro s ta tic  
p a tch "  e ffe c t (G regory , 1976). The m eaning of " su r fa c e  co v erag e"  

can n o t be d e fin ed  easily  when th e  conform ation  of a d so rb e d  polym er is  

ta k e n  in to  acco u n t. I t  is , th e re fo re , d iff icu lt to  ap p ly  unam biguously  

th e  co n cep t of " su r fa c e  co v erag e"  to  polym er floccu lation  k in e tic s .

(c) Com parison of r a te s

A ggregation  k in e tic s  have  b een  d e sc r ib e d  in  Section 2.2.. The 

collision ra te  c o n s ta n ts  fo r  p e rik in e tic  floccu lation  and  o rth o k in e tic  

floccu lation  can  be  w ritten  a s  E q u a tio n s  (2.19) an d  (2.22) re sp ec tiv e ly :

2kT  (a  i + a 2) 2perik ine t ic : K p.r(-
OT) CL i  Q , 2

4 3orthokinetic: K ortKo ~ - G ( a  x + a 2)J

The v a ria tio n  of th e  r a te  c o n s ta n ts  w ith p a rtic le  size  fo r  b o th  
collision m echanism s a re  show n in  F ig u re  2.7. To com pare th e  
d if fe re n t  ra te  c o n s ta n ts  a s  fu n c tio n  of p a r tic le  s ize , th e  d iam eter of 

one p a rtic le  is  ta k e n  a s  lu m  and  th e  d iam eter of th e  second  p a rtic le  
v a r ie s  from  0.01 to  10 u m . S h ear r a te s  of 50 s _1 an d  20 s _1, an d  th e  
v isco s ity  of w ater a t  25 °C h ave  b een  assum ed  in  th e  calcu la tion . The 
value  of 2fc7V3n in  w ater a t  25 °C is  ty p ica lly  7 x  1 0 '18 m _3s " ‘ and  

th is  va lue  is  u sed  in  th e  ca lcu la tion .

The ca lcu la ted  collision ra te  c o n s ta n ts  a s  show n in  F ig u re  2.7. 

i l lu s tr a te  th a t  p e rik in e tic  collision a re  p red o m in an t fo r  p a r tic le s  of 

s iz e s  0.1 nm o r  le ss . For la rg e  p a r tic le s , say , of s ize s  above l | i ^  , 
o rth o k in e tic  collision becom es im p o rtan t. A lthough th e  choice of 

v a lu es  fo r  p a r tic le  s iz e s  an d  s h e a r  r a te s  would ch an g e  th e  ca lcu la ted  

collision r a te  c o n s ta n ts , th e  g e n e ra l t r e n d  is  expec ted  to  be th e  same. 

P e rik in e tic  collision is  a  more s ig n if ic a n t t r a n s p o r t  m echanism fo r  small 

p a r tic le s , e sp ec ia lly  if  th e  s h e a r  r a te  is  low.
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1 .0E -12

Perikinetic

Orthokinetic G =20 s

1 .0 E - 1 3 -

Orthokinetic G=50 s

1 .0 E -1 4 -

1 .0 E -1 5 -

1 .0 E -1 6 -

1 .0E -17

0.10.0 0.01 1.0 10.0 100.0

D ia m e te r  /  j jm

Figure 2 . 7 .  C o m p a r i s io n  o f  co l l i s ion  rate  
c o n s t a n t s  for  d i f f e r e n t  t r a n s p o r t  m e c h a n i s m s .  
The d i a m e t e r  o f  o n e  part ic le  is f ixed  at 1 x im.



By assum ing  th e  following: p a r tic le  num ber co n ce n tra tio n  of

108 cm '3, s h e a r  r a te  of 50 s -1, p a r tic le  ra d iu s  (ai) of 1 nm , polym er 
ra d iu s  (a2) of 100 nm an d  th a t  95% of th e  ad d ed  polym er n eed s  to  
a d so rb  ( / - 0 . 9 5 ) ,  an  estim ate  of polym er a d so rp tio n  tim e can  be 

ca lcu la ted  u s in g  E quation  (2.27) an d  th e  a p p ro p r ia te  ra te  c o n s ta n ts  fo r  

p e rik in e tic  and  o rth o k in e tic  t r a n s p o r t  m echanism s. The a d so rp tio n  

tim e ca lcu la ted  u s in g  th e  above a ssu m p tio n s  a re :

P erik in e tic : t  abs = 353 s

O rthok inetic : t  abs = 337 s

F locculation  does n o t beg in  u n til th e  p a r tic le s  a re  d e s tab ilised  by 

h av in g  an a p p ro p r ia te  am ount of a d so rb e d  polym er. The above 
es tim a tes  show th a t  polym er ad so rp tio n  is  n o t an  in s ta n ta n e o u s  

p ro c e ss . The tim e re q u ire d  fo r  a c e r ta in  fra c tio n  of ad d ed  polym er to  
a d so rb  can  be co n sid e rab le , d ep en d in g  on a num ber of fa c to rs . In  a
s tu d y  made by W igsten an d  S tra tto n  (1984) on th e  floccu lation  of la tex

by cation ic  polym er, th e  re la tiv e  slow a d so rp tio n  of polym er was 

o b se rv ed . These a u th o rs  s u g g e s te d  th a t  if  th e  polym er ra d iu s  was 

le s s  th a n  80% of th e  p a rtic le  ra d iu s , polym er a d so rp tio n  may be th e  
r a te  lim iting s te p  in  o rth o k in e tic  floccu lation . To i l lu s tr a te  th a t  

polym er a d so rp tio n  s te p  can  be  ra te  lim iting, th e  a d so rp tio n  tim e n eed s  

to  be com pared with th e  c h a ra c te r is t ic  floccu lation  tim e, t floc, which is  
th e  tim e in  which th e  to ta l  num ber of p a r tic le s  is  re d u c ed  to  half of 

th e  in itia l va lue  as  a r e s u l t  of a g g re g a te  form ation. The 
c h a ra c te r is t ic  floccu lation  tim e t floct can  be d e riv e d  from  Equation  (2.28) 

by  in te g ra tio n  g iv ing  E quation  (2.29):

 N   ( 2 2 9 )*  f lo e  W  partic le

A ssum ing th a t  N parttcla is  th e  in itia l num ber co n cen tra tio n  of p a rtic le  and  

th a t  all p a r tic le s  a re  m onod ispersed  h av in g  ra d iu s  a i. The 

co rre sp o n d in g  collision ra te  c o n s ta n ts  fo r  p e rik in e tic  and  o rth o k in e tic  

floccu lation  a re  g iven  in  E q uations (2.19) an d  (2.22). Hence, th e  

c h a ra c te r is t ic  floccu lation  tim es a re :

Perikinet ic : tfloc = 4 n \ t  (2 .30)
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Orthokinetic :--------------------------
16GN„a?

(2 .31)

The floccu lation  tim es can  be ca lcu la ted  fo r  th e  co n d itio n s  assum ed 
above  (No = 108 cm-3, a i = 1 \im, G = 50 s -1). T hese a re  th e n  com pared 

w ith th e  c o rre sp o n d in g  a d so rp tio n  tim es ca lcu la ted  e a r l ie r  (J = 0.95, 

a 2 = 100 nm):

P e rik in e tic : t  ads -  353 s; t  floe = 714 s .

O rthok ine tic : t  ads = 336 s; t  aoc = 38 s .

The above re s u l ts  show th a t  when s h e a r  is  ap p lied  b o th  t ads an d  

t floe a re  s h o r te r  th a n  b y  d iffu sio n  alone. However, th e  a d so rp tio n  s te p  
may be ra te  lim iting in  o rth o k in e tic  floccu lation  a s  in d ic a ted  by  th e  t adt
b e in g  lo n g e r th a n  t floc. I t  is  like ly  th a t  p a r tic le s  would u n d e rg o
se v e ra l  co llisions w ith o th e r  p a r tic le s  b e fo re  a c q u ir in g  en o u g h  polym er 

to  form  s ta b le  a g g re g a te s . On th e  o th e r  h an d , u n d e r  p e rik in e tic  

co n d itio n s  th e  ad so rp tio n  s te p  is  un like ly  to  be ra te  lim iting a s  t ads is  
s h o r te r  th a n  t floe.

T hese t adt an d  t ftoe a re  ca lcu la ted  u s in g  a  s e t  of a r b i t r a r y  v a lu es  

an d  cou ld  be v e ry  d if fe re n t  fo r  o th e r  v a lu es  of s h e a r  r a te ,  p a r tic le  

c o n ce n tra tio n , polym er c o n ce n tra tio n , an d  th e  dim ensions of th e  
polym er an d  th e  p a rtic le . N ev erth e le ss , th e  p ra c tic a l im plication is  
h ig h lig h te d . At s h e a r  r a te s  above, s ay , 50 s _1, w hich c o rre sp o n d  to  
g e n tle  a g ita tio n , b o th  a d so rp tio n  an d  floccu lation  a re  mainly 
o rth o k in e tic  in  c h a ra c te r .  The ad so rp tio n  tim e may be lo n g e r th a n  

th e  c h a ra c te r is t ic  floccu la tion  tim e. The c h a ra c te r is t ic  of th e  polym er 

would h ave  a dom inant ro le  to  p lay . The c h a rg e  d e n s ity  of th e  

polym er may d e te rm in e  how much a d so rb e d  polym er is  need ed  to  form  

s ta b le  a g g re g a te s , an d  th is  in  tu r n  can  a ffe c t th e  va lue  of t ad9.

(d) R e-conform ation  of a d so rb ed  polym er

The ad so rp tio n  of polym er is  o ften  re g a rd e d  a s  an  ir r e v e rs ib le  

p ro c e ss  s in ce  th e  ch an ce  of d eso rp tio n  of all a d so rb ed  seg m en ts  of a 

polym er molecule to  o c cu r sim ultaneously  is  rem ote. However, th e r e  is  

ex p erim en ta l ev id en ce  to  show th a t  th e  ad so rp tio n  of polym er seg m en ts  

is  re v e rs ib le . The d isp lacem en t of p o ly (v in y lp y rro lid o n e ) from  silica  
by  a  n u m ber of low m olecular w eight o rg an ic  com pounds su ch  a s
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d im ethy l su lphox ide , p y rid in e  an d  N -m eth y lp y rro lid in e  h a s  been  
d em o n stra ted  by  Cohen S tu a r t  el  a1 (1984). The d isp lacem en t of 

lab elled  nonionic an d  h y d ro ly zed  polyacry lam ide from  kao lin ite  by 

sodium  m etaphosphate , tr ip o ly p h o sp h a te  an d  un labelled  po lyacry lam ide 

h a s  been  s tu d ie d  by  Dodson and  S om asundaran  (1984). P h o sp h a tes  
w ere u sed  in  th e i r  work b ecau se  i t  is  know n th a t  p h o sp h a te s  h av e  a 
s tro n g  a ffin ity  fo r  c lay  m inerals. T hese a u th o rs  h ave  show n th a t  th e  

e x te n t of polym er d e so rp tio n  d e p en d s  s tro n g ly  on th e  in itia l am ount of 

polym er a d so rb ed . No d eso rp tio n  o c c u rs  a t  low polym er co v erag e , 

w here polym er m olecules a re  p ro b ab ly  a d so rb e d  w ith a  r a th e r  " f la t"  

conform ation . The e x te n t of d eso rp tio n  also  d ep en d ed  on th e  c h a rg e  
c h a ra c te r is t ic s  of th e  a d so rb ed  po lym ers an d  th e  d isp la ce rs . They 

concluded  th a t  ad so rp tio n  of p h o sp h a te s  on kao lin ite  in c re a se s  th e  

e le c tro s ta tic  re p u ls io n  betw een  th e  kao lin ite  and  th e  n e g a tiv e ly -c h a rg e d  
po lym ers. Hence, th e  more anionic tr ip o ly p h o sp h a te  is  a  s tro n g e r  

d isp la c e r  th a n  th e  m etap h o sp h a te  in  th e  d e so rp tio n  of h y d ro ly se d  

polyacry lam ide w hereas th e  two p h o sp h a te s  a re  in d if fe re n t in  th e  
d e so rp tio n  of th e  nonionic polyacry lam ide. A ddition of un labelled  
polyacry lam ide was fo u n d  to  d isp lace  p rev io u s ly  a d so rb e d  labelled  

po lyacry lam ide. U nder dynam ic cond ition , seg m en ts  of polym ers a re  
a b so rb in g  an d  d e so rb in g  co n tin u o u sly . I t  is  p o ssib le  th a t  a s  soon a s  
some seg m en ts  of a  polym er molecule a re  d e tach ed  from  th e  p a rtic le , 

seg m en ts  of a n o th e r  polym er molecule would occupy  th e  v aca ted  s ite s . 
P ro g re ss iv e ly , d e so rp tio n  of th e  e n tire  molecule is  p o ssib le . F u ru saw a  
el a1 (1982) h av e  show n th a t  sm aller polym er m olecules can  be d isp laced  

by  la rg e r  on es, w here th e  polym ers u n d e r  in v e s tig a tio n  d iffe r  only  in  
th e i r  m olecular w eight. F u rth e rm o re , th e  e x te n t of d isp lacem en t is  

more p ro n o u n ced  th e  la rg e r  th e  d iffe ren c e  in  th e ir  m olecular w eight.

I t  can  be sa id  th a t  polym er a d so rp tio n  is  a  dynam ic, re v e rs ib le  p ro c e ss  

w here th e  ad so rp tio n  an d  d eso rp tio n  of th e  polym er m olecules ta k e  

p lace co n tin u o u sly .
G ran t e t  a1 (1975) h av e  show n th a t  a d so rb e d  polym ers may ta k e  

s e v e ra l  h o u rs  to  a tta in  an  e v e n tu a l equ ilib rium  conform ation. The 

r e s u l ts  th e y  o b ta in ed  a re  n o t re le v a n t to  p ra c tic a l floccu lation  

p ro c e sse s  a s  th e  floccu lation  of p a rtic le s  o ften  ta k e s  p lace b e fo re
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a d so rp tio n  equ ilib rium  is  re a ch e d . In form ation  on th e  re -a rra n g e m e n t 

of a d so rb e d  polym er m olecules is  s c a rc e . The re-com form ation  of 
a d so rb e d  polym er can  h av e  s ig n if ic a n t e f fe c t on th e  floccu lation  of 
p a r tic le s .

In  polym eric floccu lation  by  th e  b r id g in g  m echanism , i t  is  c ru c ia l 

t h a t  th e  a d so rb ed  po lym ers m ust ex ten d  fa r  en o u g h  from  th e  su rfa c e  

in to  th e  so lu tion  to  exceed th e  ra n g e  of e le c tro s ta tic  re p u ls iv e  fo rce s  

an d  become a tta c h e d  to  o th e r  p a r tic le s  (see  F ig u re  2.8). P e ls se rs  e t  

al (1990) p ro p o sed  a model fo r  b r id g in g  floccu lation  k in e tic s  ta k in g  th e  
re -co n fo rm atio n  of po lym ers in to  acco u n t. T hese a u th o rs  co n sid e red  

th e  a v e ra g e  num ber, n act, of a c tiv e  polym er m olecules (polym er 
m olecules which can  ex ten d  beyond  th e  c lo se s t d is ta n ce  of sep a ra tio n  

betw een  in te ra c t in g  p a rtic le s )  p e r  p a r tic le  to  be a prim e fa c to r  fo r  

su c c e ss fu l b r id g in g  floccu lation . F locculation  o c cu rs  when n act exceeds 

some th re s h o ld  value  n er(t . No floccu lation  ta k e s  p lace when n aet is  

sm aller th a n  n crit . A fter th e  ad d itio n  of polym er, th e  value  of n act 
in c re a s e s  due  to  th e  a d so rp tio n  of polym er. When n act re a c h e s  n crtt , 

th e  p a r tic le s  a re  sa id  to  be " a c tiv a te d "  an d  floccu lation  can  lead  to  
s ta b le  a g g re g a te s . The co n cep t of n crtt is  in  good ag reem en t w ith some 

e a r lie r  work on polym eric floccu lation  (G regory  and  Nelson, 1984; 
G rego ry , 1988; G regory  an d  Lee, 1990), w here an  ap p re c ia b le  lag  tim e 
is  o ften  o b se rv ed  betw een  th e  ad d itio n  of polym er an d  th e  o n se t of 
floccu lation . T his lag  tim e is  n o t o b se rv e d  in  s a l t  d e s tab ilised  
sy s te m s  and  i t  is  more p ro n o u n ced  in  d ilu te  su sp e n sio n  with low 

polym er dosage . The r a te  of polym er ad so rp tio n  is  g en era lly  slow er 

w ith a  low er polym er dosage .

The a d so rp tio n  of f r e e  polym er a lw ays in c re a s e s  n act w hereas th e  

re -co n fo rm a tio n  of th e  a d so rb e d  m olecules may n o t a lw ays d e c rea se  n act 

The a d so rp tio n  of c e r ta in  seg m en ts  of a  polym er en ab le s  th e  rem ain ing  
p a r t  of th e  molecule to  r e - a r r a n g e  i ts e lf  on to  th e  p a rtic le  a s  long  as  

th e r e  a re  v a ca n t s i te s  ex ist. As a r e s u l t  of th a t ,  most ad so rb ed  

polym er m olecules would have  a  te n d e n c y  to  re lax  to w ard  a  r a th e r  f la t  

conform ation , u n le ss  th e  su rfa c e  is  alm ost s a tu ra te d  w ith polym er.
Some fla tte n in g  by  re -co n fo rm atio n  does n o t n e ce ssa rily  mean th e  

le n g th  of th e  loops an d  ta ils  would become in su ff ic ie n t to  b r id g e  o v e r
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active polymer molecule

inactive polymer molecule

Figure 2 .8 .  A s c h e m a t i c  d ia g r a m  sh o w in g  a part ic le  
with an e x t e n d e d  ("act ive")  p o ly m e r  m o le c u le  

and a f la t t t e n e d  (" inact ive")  p o ly m er  m o le c u le

th e  ra n g e  of e ffec tiv e  e lec tr ica l rep u ls io n  betw een  th e  p a rtic le s . The 

le n g th  of th e s e  loops o r  ta i ls  can  be ex p ec ted  to  be  sm aller th a n  th e  
o rig in a l ones, th e  num ber of n act may n o t be a ffec ted  a s  long a s  th e y  
sp an  a c ro ss  th e  d is ta n ce  of e le c tro s ta tic  re p u ls iv e  fo rc e s . Form ation 

of more loops due  to  re -co n fo rm atio n  of polym ers may g ive  r is e  to  more 

o r s t ro n g e r  " b r id g e s "  betw een  a tta c h in g  p a rtic le s , d ep en d in g  on th e  
in itia l polym er co v erag e . Polym er b r id g e s  a re  form ed when th e s e  

ex ten d ed  polym er seg m en ts  make c o n ta c ts  with v a ca n t a d so rp tio n  s ite s  
on o th e r  p a r tic le s . The b r id g in g  may be  too  weak to  w ith stan d  th e  
sh e a r in g  fo rc e s  im posed by  th e  s h e a r  co n d itio n s , if  too  few b rid g in g  

c o n ta c ts  a re  made (Black el a1 1965). C onverse ly , th e  b r id g in g  will be 

h in d e re d  if  too  many ad so rp tio n  s ite s  a re  occupied  by  a d so rb ed  

seg m en ts .
A ccording to  P e ls se rs  e t  a1 (1990), po lym ers may lose  th e i r  ab ility  

to  " b r id g e "  co llid ing  p a r tic le s  if  th e  th ic k n e s s  of th e  a d so rb ed  la y e r  
becom es s h o r te r  th a n  th e  ra n g e  of e le c tro s ta tic  re p u ls iv e  fo rce s , due  

to  th e  f la tte n in g  of a d so rb e d  polym er m olecules with tim e. They th e n  
s u g g e s te d  th a t  floccu lation  is  p o ssib le  when th e  r a te  of polym er 

a d so rp tio n  o u tw eig h s th e  r a te  of re -co n fo rm atio n . The s ig n ifican ce  of 

polym er re -co n fo rm atio n  on th e  floccu lation  of a  su sp e n sio n  d e p en d s  

n o t only  on th e  p ro p e r tie s  of th e  polym er (m olecular m ass, c h a rg e
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d e n s ity , flex ib ility  of th e  polym er) b u t  a lso  on th e  ionic s t r e n g th  of 

th e  so lu tion  an d  th e  p a r tic le  co n ce n tra tio n  of th e  su sp e n sio n . These 
a u th o rs  have  fo u n d  th a t  n cr(t d e c rea se d  s tro n g ly  w ith in c re a s in g  

m olecular m ass. D epending on th e  conform ation  of th e  a d so rb ed  

polym er m olecules, n o t all of them  can  g ive  r is e  to  loops and  ta ils  

which a re  su ffic ie n tly  la rg e  to  ex ten d  beyond  th e  ra n g e  of e le c tro s ta tic  
re p u ls iv e  fo rce s . P ossib le  ex p lan a tio n s  fo r  th e  d e c re a se d  n crtt w ith 

in c re a s in g  m olecular m ass of polym er a re  th a t  more loops of a d eq u a te  
le n g th  can be  form ed from  la rg e r  polym er m olecules an d  th a t  more o r 

s t ro n g e r  b r id g e s  betw een  a g g re g a tin g  p a rtic le s  can  be form ed. The 

va lue  of n crtt is  low ered  in  th e  p re se n c e  of sa lt . The num ber of loops 

o r ta ils  ex ten d in g  beyo n d  th e  d is ta n ce  of th e  re p u ls iv e  fo rce s  becoming 

h ig h e r  as  th e  ra n g e  of e le c tro s ta tic  re p u ls iv e  fo rce s  is  re d u c e d . As a 

r e s u l t ,  th e  a v e ra g e  num ber of polym er m olecules p e r  p a r tic le  n eeded  
fo r  floccu lation  is  low ered . I t  sh o u ld  also  be p o in ted  o u t t h a t  th e  
n um ber of polym er c o n ta c ts  betw een  a g g re g a tin g  p a r tic le s  may be th e  

d ec is iv e  fa c to r  fo r  su c c e ss fu l b r id g in g  floccu lation  r a th e r  th e  num ber 
of "ac tiv e "  polym er m olecules p e r  p a rtic le . In  d ilu te  su sp e n s io n  and  
fo r  low polym er dosage , th e  e ffe c t of th e  f la tte n in g  of polym er 

m olecules on th e  floccu lation  of th e  su sp e n s io n  can  be s ig n ific an t.
The ra te  of polym er ad so rp tio n  is  p ro p o rtio n a l to  th e  polym er 
ap p lica tio n  ra te  an d  to  th e  p a rtic le  c o n ce n tra tio n  of th e  su sp en sio n .

The f la tte n in g  of th e  a d so rb e d  m olecules can  be h in d e re d  by th e  

p re se n c e  of o th e r  a d so rb e d  m olecules. I t  is  well know n th a t  th e  

a d so rb e d  la y e r  th ic k n e s s  of a  polym er in c re a se s  w ith su rfa c e  co v erag e  

(Luckham  an d  Klein, 1990). As more polym er is  a d so rb e d  on to  a 
su rfa c e , th e  a d so rb e d  polym er b e g in s  to  s t r e tc h  f u r th e r  away from  th e  
su rfa c e . This e f fe c t is  more p ro m in en t w ith th e  ad so rp tio n  of 

n on -ion ic  polym er. I t  is  p o ssib le  th a t  th e  a t tra c t iv e  fo rc e s  among
polym er m olecules a re  s t ro n g e r  th a n  th o se  betw een  polym ers an d  

p a r tic le s . The d riv in g  fo rce  of th is  may be th e  s tro n g  h y d ro p h o b ic  

in te ra c tio n  among polym er m olecules o r  th e  low er G ibbs f re e  e n e rg y  
s ta te  of th e  sy stem  a r is in g  from  an  in c re a se  in  e n tro p y  a s  th e  

a d so rb e d  polym er m olecules become more ex ten d ed  in to  th e  so lu tion .
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In  th e  floccu lation  of c h a rg e d  p a r tic le s  by  o p p o s ite ly -c h a rg e d  

polym er v ia th e  " e le c tro s ta tic  p a tch "  m echanism , th e  conform ation  of 
th e  ad so rb ed  polym er c h an g e s  from  a  th ree-d im ensioned  coil to  a  n ea rly  
" tw o-d im ensional"  f la tte n e d  coil on th e  p a rtic le  su rfa c e . T h ere  is  no 

in fo rm ation  on th e  tim e ta k e n  fo r  polym ers to  r e - a r r a n g e  onto  th e  
p a r tic le s . The ra te  of polym er re -co n fo rm atio n  will d ep en d  on th e  

p a rtic le -p o ly m er in te ra c tio n . If  th e  p a rtic le -p o ly m er in te ra c tio n  is  

s tro n g , su ch  a s  th o se  w ith a h ig h  c h a rg e  d e n s ity  polym er, th e  r a te  of 

polym er re -co n fo rm atio n  can  be v e ry  f a s t .  I t  can  be assum ed th a t  

follow ing th e  a d so rp tio n  of some seg m en ts  of a  polym er, th e  rem ain ing  

p a r t  of th e  molecule would a d so rb  ra p id ly  on to  th e  p a rtic le . I t  is  

ex p ec ted  th a t  th e  f la tte n in g  of th e  a d so rb e d  polym er is  more ra p id  

with polym er of h ig h  c h a rg e  d e n s ity . In  d ilu te  su sp e n s io n  o r in  

c a se s  w here th e  c o n ce n tra tio n  of polym er is  low, th e  r a te  of 
p a rtic le -p o ly  mer collision can  be slow. The re -a r ra n g e m e n t of 
a d so rb e d  polym ers can  be  re g a rd e d  a s  a  form  of polym er a d so rp tio n , 
an d  h en ce  an  e ffe c tiv e  m eans to  in c re a se  polym er co v erag e . In  
s itu a tio n s  w here re -co n fo rm atio n  is  f a s t  in  com parison w ith polym er 

ad so rp tio n , polym er re -co n fo rm atio n  could  be  a  dom inant m echanism  to  

in c re a se  polym er co v e rag e  r a th e r  th a n  th e  a d so rp tio n  of f u r th e r  
polym er m olecules. The s ig n if ic a n t of th is  mode of polym er a d so rp tio n  
on th e  floccu lation  of p a r tic le s  will be d isc u sse d  in  S ections 4.13. and  
4.14..

2.3.4. E ffec ts  of th e  c h a ra c te r is t ic s  of po lym ers on floccu lation

The se lec tion  of a  su ita b le  polym er fo r  a  p a r tic u la r  ap p lica tion  can  
be  tim e consum ing b e ca u se  th e s e  a re  a  g re a t  v a r ie ty  of polym ers 

com m ercially availab le . M ethods fo r  th e  evalu a tio n  of polym er 

perfo rm an ce  in  co agu la tion , sed im en ta tion , f il tra tio n  an d  s lu d g e  

co n d itio n in g  h av e  been  in v e s t ig a te d  by  D entel e t  a i (1988). The u se  

of po lym ers in  w ater t re a tm e n t p ro c e sse s  h a s  been  rev iew ed  by  many 

w o rk e rs , (K asper an d  R e ich en b e rg e r, 1983; Novak, 1983; B ra tb y , 1980; 
Edzw ald, 1986 an d  M angrav ite  e t  a1 1986). The floccu lation  of 

s u sp e n d e d  p a r tic le s  by  polym ers is  a complex p ro c e ss  invo lv ing  an 

in itia l pe rio d  of polym er ad so rp tio n  followed by p a rtic le  ag g re g a tio n .
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The floccu lation  m echanism  d e p en d s  on th e  c h a ra c te r is t ic s  of th e  

system . Edzwald and  Law ler (1983) h ave  po in ted  o u t th a t  polym er 
e ffe c tiv e n e ss  d e p en d s  on th e  po lym ers, th e  p a r tic le s  an d  th e  so lu tion  
ch em istry . C h a ra c te r is tic s  of po lym ers a re  ty p e s  of c h a rg e , c h a rg e  

d e n s ity , polym er com position an d  m olecular m ass. The co n cen tra tio n , 

su rfa c e  ch em istry  an d  su rfa c e  a re a  of th e  p a rtic le s  a re  also im p o rtan t. 

W ater q u a litie s  which may a ffe c t th e  e ffe c tiv e n e ss  of polym ers a re  pH, 

te m p e ra tu re , and  th e  p re se n c e  of d isso lv ed  m ateria ls. The 

c h a ra c te r is t ic s  of some im p o rtan t p a ra m e te rs  in  floccu lation  a re  

sum m arised in  Table 2.1..
Black e t  a1 (1966) h av e  fo u n d  th a t  in  sy stem s of p a rtic le s  and  

polym ers of op p o site  s ig n , th e  m echanism  of action  of p o ly e lec tro ly tes  

is  a  com bination of polym er b r id g in g  and  c h a rg e  n e u tra liz a tio n . 

M angravite  e t  ai (1986) h ave  show n th a t  p a rtic le  co n cen tra tio n  p lay s  an 
im p o rtan t ro le  in  th e  floccu lation  m echanism  of d isp e rse d  kaolin clay 
with h ig h  m olecular w eigh t polym er. T hese a u th o rs  fo u n d  th a t  th e  

c h a rg e  d e n s ity  of h ig h  m olecular w eight polym ers h as  a  d ire c t  in v e rs e  

e ffe c t on th e  polym er dosage  when th e  clay p h ase  ra tio  is  below 10~3.

At 10~2 p h ase  ra tio , th e  e ffe c t of ca tion ic  c h a rg e  d e n s ity  is  much 

re d u c ed . All th e  polym ers in v e s t ig a te d  had  h ig h  m olecular w eight 
ty p ica lly  a sso c ia ted  w ith b r id g in g  m echanism . However, th e ir  work 
h as show n th a t  th e  polym er d o sag es  w ere more se n s itiv e  to  m olecular 

w eight th a n  to  c h a rg e  d e n s ity  a t  h ig h  p a rtic le  c o n cen tra tio n . These 
a u th o rs  su g g e s te d  th a t  th e  d e c rea s in g  e ffe c t of cation ic  c h a rg e  d e n s ity  
and  th e  in c re a s in g  e ffe c t of m olecular w eigh t may be due  to  th e  low er 

am ount of humic acid  to  each  clay  p a rtic le  in  th e  h ig h  solid  c o n te n t 
su sp e n s io n  b u t  th e  a u th o rs  d id  n o t o ffe r  an  exp lanation  fo r  th e  e ffe c t 

of th e  p re se n c e  of humic acid . I t  is  p o ssib le  th a t  th e  e ffe c ts  were 

due  to  th e  d if fe re n t m echanism s of floccu lation  a t  d if fe re n t p a rtic le  

c o n ce n tra tio n s .
I t  h as  been  show n by  L in q u is t an d  S tra tto n  (1976) th a t  a t  th e  

co n ce n tra tio n  of po lyethy leneim ine  (PEI) re q u ire d  to  in itia te  floccu lation  
of a colloidal silica  sy stem , com plete ad so rp tio n  of PEI o c c u rre d  

re g a rd le s s  of m olecular w eight, pH o r  ionic s t r e n g th  w hereas 
a d so rp tio n  in c re a se d  w ith an in c re a se  in  m olecular w eight a t  h ig h e r
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Table 2.1. Summary of c h a ra c te r is t ic s  of floccu lation  p a ra m e te rs  

(m odified a f te r  Edzwald an d  Law ler, 1983)

P aram eter C harge  N eu tra lisa tion B ridg ing

■ Polym er

M olecular Mass litt le  e ffe c t

Very h ig h  m olecular mass 
can  g ive  b r id g in g  e ffe c t

h ig h  m olecular mass 
more e ffec tiv e

C harge  D ensity more e ffec tiv e  w ith h ig h  
c h a rg e  d e n s ity  b ecau se  
of g re a te r  n eu tra liz a tio n  
e ffe c t

more e ffec tiv e  with 
h ig h  c h a rg e  d e n s ity  
b ecau se  of expansion  
of polym er ch a in s

Optimum Dose n e a r  zero  c h a rg e

dose  p ro p o rtio n a l to  th e  
to ta l s u rfa c e  c h a rg e  of 
p a r tic le s

u su a lly  n o t zero  
c h a rg e

dose p ro p o rtio n a l to  
p a r tic le  co n cen tra tio n

O verdose re s tab iliz a tio n  d u e  to  
c h a rg e  re v e rs a l

re s tab iliz a tio n  due  to  
no v a ca n t b r id g in g  
s ite s  availab le

Colloidal P a rtic le s

C o n cen tra tion Poor floccu lation  k in e tic s  
a t  low co n ce n tra tio n

Poor floccu lation  
k in e tic s  a t  low 
co n cen tra tio n

Solution

PH A ffect c h a rg e  d e n s ity  of 
collo ids

A ffect c h a rg e  d e n s ity  of 
n o n -q u a te rn a ry  polym ers

A ffect c h a rg e  d e n s ity  
of colloids

A ffect c h a rg e  d e n s ity  
of n o n -q u a te rn a ry  
po lym ers

Ionic S tre n g th H igher ionic s t r e n g th  can  
aid  d e s tab iliza tio n

H igher ionic s t r e n g th  
can  aid  d estab iliza tio n

can  re d u c e  polym er 
molecule ex tension  
th u s  re d u c in g  
b r id g in g  ab ility
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polym er co n ce n tra tio n s . T hese r e s u l ts  show ed th a t  th e  conform ation 

of a d so rb ed  PEI m olecules can  be a ffe c ted  by  th e  polym er dosage.

The conform ation of th e  ad so rb ed  PEI m olecules a t  h ig h  polym er dose 
can  be in flu en ced  by  th e  c h a ra c te r is t ic s  of th e  polym er which 

su b se q u e n tly  e ffe c t th e  am ount ad so rb ed .

Graham (1981) s tu d ie d  th e  floccu lation  of am orphous silica  

m ic ro sp h eres  with cation ic  p o ly e le c tro ly te s  an d  com pared th e  num ber of 

c h a rg e s  ad d ed  a t  each  polym er optim al dose. His work h as  shown 
th a t  th e  optim al dose is  s tro n g ly  in flu en ced  by  th e  d is tr ib u tio n  and  

th e  s t r e n g th  of th e  c h a rg e s  on th e  polym er, and  th e  n a tu re  of th e  

polym er s t r u c tu r e .  He p ro p o sed  th a t  o v e ra ll p a rtic le  c h a rg e  

n e u tra liz a tio n  is  n o t n e ce ssa rily  e ffe c ted  becau se  polym er-po lym er 

in te ra c t io n s  on th e  a d so rb e n t s u rfa c e  an d  r e s tr ic te d  polym er backbone 

flex ib ility  will te n d  to  re d u c e  th e  num ber of a tta c h e d  po lym er-cha in  

segm en ts .
Trew eek an d  M organ (1977) fo u n d  th a t  cation ic  p o ly e lec tro ly tes , 

su c h  as  po lyethy leneim ine, w ere e ffe c tiv e  in  th e  floccu lation  of 
su sp e n sio n  of E. Coli.. P olyethyleneim ine with a wide ra n g e  of 
m olecular w eigh ts (600 to  60000) w ere s tro n g ly  ad so rb ed  to  th e  
b a c te ria l cells  b u t  e ff ic ie n t floccu lation  was ach ieved  only with h igh  
m olecular w eigh t sam ples (above 35000). The m echanism of flocculation  
w ith h ig h  m olecular w eight polym er was th e n  id en tified  as  th a t  

d e sc r ib e d  by th e  e le c tro s ta tic  p a tch  model. The small size  of low er 

m olecular w eight po lyethy leneim ine  was h y p o th esized  to  be unab le  to  

g ive  r is e  to  p a tc h e s  of excess  cation ic  c h a rg e s . As a  re s u lt ,  p oo rer 

floccu lation  o b ta in ed . The m echanism  of floccu lation  w ith low 

m olecular sp ec ie s  was a t t r ib u te d  to  th e  re d u c tio n  of double  la y e r 

re p u ls io n , sim ilar to  th e  e ffe c t of in e r t  in o rg an ic  e lec tro ly te .

R obinson (1974) show ed th a t  th e  u se  of cation ic  an d  nonionic polym ers 

in  c la r ify in g  h ig h ly  tu rb id  w a ters  of maximum tu rb id i ty  approxim ately  

5000 JTU gave  r e s u l ts  com parable to  th o se  u s in g  aluminimum su lp h a te , 

w hereas an ionic ty p e s  d id  n o t p ro d u c e  th e  re q u ire d  d e g re e  of 

c la rifica tio n . Morrow and  R aush (1974) w ere ab le  to  t r e a t  bo th  low 

and  h ig h  tu rb id  w a ters  su cc e ss fu lly  w ith poly dial! yldimethylammonium 

ch lo rid e  in  p lace of m etal co ag u lan ts . They po in ted  o u t th a t  th e
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r e p o r te d  u n sa tis fa c to ry  p e rfo rm an ce  of poly e le c tro ly te s  when u sed  

alone may be a  r e s u l t  of th e  velocity  g ra d ie n ts  u sed  d u r in g  th e  ra p id  
mixing s ta g e  was too  low.

2.4. C h a ra c te r is tic s  of A g g reg a tes

The su c c e ss  of a  w ater t re a tm e n t p ro c e ss  d e p en d s  to  a c e r ta in  

e x te n t on th e  p ro p e r tie s  of th e  a g g re g a te s  p ro d u ced . H arding  (1972) 

fo u n d  th a t  floccu lation  is  p rim arily  d e p e n d e n t on p a rtic le  size  

d is tr ib u tio n s  in  th e  su sp e n sio n . O’Melia (1978) h a s  show n th e  

d ep en d en ce  of floccu lation  on p a r tic le  s ize  and  s ize  d is tr ib u tio n , and  
th a t  floccu lation  is  more ra p id  in  h e te ro g en e o u s  su sp e n sio n . S evera l 
in v e s t ig a to r s  h av e  r e f e r r e d  to  th e  size  d is tr ib u tio n  (Reed and  Mery, 

1986; Black an d  V ilaret, 1969; H udson, 1973), floe volume co n cen tra tio n  

(Camp, 1968), floe d e n s ity  (L ag v an k e r an d  Gemmell, 1968), and  s t r e n g th  

of a g g re g a te s  (Koglin, 1985) a s  im p o rtan t c h a ra c te r is t ic s  of a g g re g a te s .

V arious ty p e s  of a g g re g a te  s t r u c tu r e s  may be  form ed, d ep en d in g  

on th e  n a tu re  of th e  system  an d  th e  fo rc e s  invo lved . I t  can  be said  
th a t  "com pact” a g g re g a tio n  s t r u c tu r e s  a re  mainly form ed by th e  

ad d itio n  of s in g le  p a r tic le s  to  g row ing  c lu s te r s  and  th e  more "open" 

s t r u c tu r e s  a re  form ed from  c lu s te r - c lu s te r  a g g re g a tio n . The n a tu re  
a n d  m agn itude  of th e  in te rp a r t ic le  fo rc e s  in vo lved  an d  th e  m anner in  

which th e  p a rtic le  in  an  a g g re g a te  a re  a r ra n g e d  d e term in e  th e  
m echanical p ro p e r tie s  of th e  a g g re g a te  s t r u c tu r e .  Most a g g re g a te s  
a re  b ro k e n  by  s h e a r  s t r e s s e s  in  ex cess  of some c r itic a l value. The 

d is ta n c e  of s e p a ra tio n  betw een  p a r tic le s  in  a g g re g a te s  p ro d u ced  a s  a 
r e s u l t  of th e  low ering  of th e  e le c tro s ta tic  re p u ls iv e  fo rce s  by th e  

ad d itio n  of e le c tro ly te  d e p e n d s  on th e  m agn itude  of th e  r e s u l ta n t  

a t t r a c t iv e  fo rc e s  a s  well as  th e  h y d ra tio n  rep u ls io n . The re d isp e rs io n  

of some flo ccu la ted  collo ids by  w ashing away th e . e le c tro ly te  seem s to  

s u g g e s t  th a t  a g g re g a tio n  o c c u rs  in  a  "h y d ra tio n  minimum", r a th e r  th a n  

in  a  t r u e  p rim ary  minimum (F re n s  an d  O verbeek , 1972; Healy e t  al, 
1978). The s ize  of an  a g g re g a te  u n d e r  g iven  co n d itio n s  may be  ta k e n  

a s  a m easure  of a g g re g a te  s t r e n g th  in  many em pirical d e te rm in a tio n s  of 

a g g re g a te  s t r e n g th .  However, a g g re g a te s  can  be ex p ec ted  to  be 

s t ro n g e r  if  th e y  a re  more com pact (more p a r tic le -p a r tic le  c o n tac ts )
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ev en  th o u g h  th e  size  of th e  a g g re g a te  co n ta in in g  a  g iven  m ass of 
p a r tic le s  will be  sm aller. The in te rp re ta t io n  of su ch  m easurem en ts is  
n o t s tra ig h tfo rw a rd . A g g reg a tes  of a  wide ra n g e  of s ize s  h av e  to  be 

assum ed to  have  th e  same p o ro s ity  to  v a lid a te  su c h  m easurem ent b u t 

p o ro s ity  g en era lly  in c re a se s  with size.

Polym eric floccu lation  u su a lly  p ro d u c e s  s t ro n g e r  a g g re g a te s  th a n  

th o se  re su ltin g  from  e le c tro ly te  coagu la tion  and  so th e  a g g re g a te s  a re  

like ly  to  be la rg e r  u n d e r  g iven  s h e a r  co nd itions. P a rtic le s  a re  held  

to g e th e r  by th e  a d so rb ed  polym ers r a th e r  th a n  th e  w eaker van d e r 
Waals fo rce s . O bviously th e  m agnitude of th e  b in d in g  fo rce s  in  

polym eric floccu lation  m ust d ep en d  on th e  num ber of a tta ch m en t p o in ts  

an d  th e  s t r e n g th  by  which each  p o in t is  a tta c h e d . S tro n g e r  

a g g re g a te s  a re  p ro d u ced  th ro u g h  polym er b rid g in g  r a th e r  th a n  by 
e le c tro s ta tic  p a tch e s . Polym er b rid g in g  p ro d u ces  s t ro n g e r  a g g re g a te s  

b u t  th e y  a re  n o t easily  re -fo rm ed  when b ro k en  a t  h ig h  sh e a r  ra te s ,  

th is  may due  to  th e  re -a r ra n g m e n t o r sc iss io n  of a d so rb e d  polym er 

m olecules. On th e  o th e r  han d , a g g re g a te s  b ro k en  by  s h e a r  can  

re -fo rm  when th e  s h e a r  is  re d u c ed  in  c a se s  w here polym ers a c t 

p redom inan tly  by  e le c tro s ta tic  p a tch e s .
An in c re a se  in  th e  e n e rg y  d iss ip a tio n  to  th e  system  in c re a se s  th e  

d is ru p tiv e  fo rc e s  th e  a g g re g a te  ex p erien ce , in  ad d itio n  to  en h an c in g  

th e  floccu lation  ra te .  The lim iting a g g re g a te  size  d ep en d s  on th e  

ap p lied  sh e a r  r a te  an d  on th e  s t r e n g th  of th e  a g g re g a te s .
S u b se q u en tly , th e  more in te n se  th e  ag ita tio n , th e  sm aller is  th e  lim iting 

a g g re g a te  s ize . E ffec tiv e  s h e a r  r a te  v a r ie s  a t  d if fe re n t locations in  
th e  system , (Glasgow an d  Kim, 1986). T h e re fo re , th e  lim iting 

a g g re g a te  s ize  will d ep en d  on th e  maximum s h e a r  ra te ,  w hereas th e  

floccu lation  ra te  will be  more c losely  lin k ed  with th e  a v e ra g e  value.
C u tte r  (1966) p ro p o sed  th a t  a  s t i r r e d  ta n k  could  be  p a rtitio n e d  

in to  th r e e  zones:

(i) maximum tu rb u le n c e  in te n s ity  n e a r  th e  mixer b lad es

(ii) an  im peller zone
(iii) a  bu lk  zone
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The bu lk  zone o ccup ies  90% of th e  to ta l volume an d  th e  e n e rg y  

d iss ip a tio n  in  th is  zone is  0.25 tim es th e  a v e ra g e  pow er d iss ip a tio n .

The zone of maximum tu rb u le n c e  in te n s ity  occu p ies  0.5% of th e  volume 

an d  d is s ip a te s  e n e rg y  a t  50 tim es th e  a v e ra g e  pow er d iss ip a tio n . The 
p a rtitio n in g  of th e  ta n k  in to  th e  th r e e  flow reg im es is  show n in  

F ig u re  2.9..

Very complex b e h av io u r is  fo u n d  in  th e  b re a k -u p  of a g g re g a te s  
u n d e r  tu r b u le n t  co n d itio n s . The n a tu re  of th e  b re a k -u p  p ro c e ss  

d e p en d s  on th e  s ize  of th e  a g g re g a te s  re la tiv e  to  th e  tu rb u le n c e  

m icroscale. For a g g re g a te s  of g r e a te r  s ize , deform ation  an d  r u p tu r e  

may o ccu r as  a r e s u l t  of f lu c tu a tin g  dynam ic p re s s u re . For sm aller 

a g g re g a te s , v isco u s s h e a r  fo rce s  p redom ina te  and  may cau se  e ith e r  an 

ero sio n  of p rim ary  p a r tic le s  from  th e  a g g re g a te s  su rfa c e  o r 

frag m en ta tio n  of th e  a g g re g a te s . I t  is  p o ssib le  th a t  co llisions betw een  

a g g re g a te s  may also lead  to  a g g re g a te  b re a k -u p . The re lev an ce  of 

th e  tu r b u le n t  sca le  to  th e  p ro b a b ility  of b re a k -u p  h as been  c o n sid e red  
by  P a rk e r  an d  c o -w o rk e rs  (1972). The " s t r e n g th "  p a ra m e te rs  th a t  
o ccu r in  th e ir  model will d ep en d  on th e  m echanism s of p a rtic le s  
b in d in g  in  th e  a g g re g a te s  an d  th e  in te rn a l  m orphology of th e  
a g g re g a te s .

The d e n s ity  of an  a g g re g a te  can  be de fin ed  as  th e  mass of 

p a r tic le s  and  th e  w ater in c lu d ed  in  th e  a g g re g a te  d iv ided  by th e  
"en v elope" volume. However, i t  is  th e  "e ffe c tiv e"  d e n s ity  of an 
a g g re g a te  which d e te rm in es  th e  sed im en ta tion  ra te  (Tambo and  

W atanaba, 1979) an d  flo ta tio n  ra te .  The e ffec tiv e  d e n s ity , , is

th e  d e n s ity  of th e  a g g re g a te , pawr^au > m inus th e  d e n s ity  of w ater,

P water '

P e f fec t i ve  ~  P aggregate  P water ( 2 . 3 2 )

The form ation  of com pact a g g re g a te s  is  im p o rtan t to  e n su re  th e  

su c c e ss  of a sed im en ta tion  p ro c e ss . L arge  a g g re g a te s  g ive a more 

ra p id  sed im en ta tion  ra te  b u t  th e  in c re a se  in  s ize  may be  accom panied 

by a re d u c tio n  in  d e n s ity  which may a ffe c t th e  sed im en ta tion  ra te .

The re d u c tio n  in  d e n s ity  fo r  com pact a g g re g a te s  is  u su a lly  n o t en o u g h
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to  ou tw eigh  th e  size  e ffec t. Compact a g g re g a te s  a re  more easily  
d ew ate red , th e  d ra g  is  le s s  as  th e r e  is  le s s  solid s u rfa c e  in  c o n tac t 

w ith w ater.
In  deep  bed  f il tra tio n , th e  e ffe c t of p a rtic le  a g g re g a tio n  on th e  

c a p tu re  of p a r tic le s  can  be c o n sid e red  in  te rm s  of th e  c h an g e s  in  

p a r tic le  size  and  e ffe c tiv e  d e n s ity  of a g g re g a te s  on th e  c a p tu re  

effic ien cy  fo r  d if fe re n t t r a n s p o r t  m echanism s. The c a p tu re  of 
p a r tic le s  th ro u g h  in e r t ia  o r g ra v ity  fo rc e s  is  h ig h e r  fo r  th e  la rg e r  and  

fo r th e  more com pact (h ig h e r  d e n s ity )  a g g re g a te s . A ggregation  of 

p a r tic le s  h a s  a te n d e n c y  to  low er th e  d e n s ity  of th e  r e s u l ta n t  

a g g re g a te s , a com prom ise h as  to  be  made. U n fo rtu n a te ly , th e r e  a re  

no p ra c tic a l g u id e -lin e s  on w hat can  be re g a rd e d  a s  th e  optimum fo r a 

su sp e n s io n  co n ta in in g  a ra n g e  of p a rtic le  s izes . The re q u ire m e n ts  fo r 
th e  tw o t r a n s p o r t  m echanism s c o n s id e re d  may n o t n e ce ssa rily  be th e  

same. The d iffu sio n  of p a r tic le s  is  u su a lly  o b se rv ed  when th e y  a re  
v e ry  small (of colloidal size  ra n g e ) . T h e re fo re , th e  a g g re g a tio n  of 

p a r tic le s  will have  lit t le  e ffe c t on th is  c a p tu re  m echanism . The 
in te rc e p tio n  of p a rtic le s  can  be c o n s id e re d  a s  th e  fin a l e ffe c t be fo re  

c o n ta c t on f i l te r  gain  is  made in  all cases . I t  is  obv ious th a t  la rg e r  
p a r tic le s  a re  more easily  in te rc e p te d . N eedless to  say , th e  su rfa c e  

ch em istry  of th e  a g g re g a te s  would also  be an  im p o rtan t fa c to r  in  th e  

deposition  of a g g re g a te s .
As f il tra tio n  p ro g re s se s , th e  d e p o sits  a re  accum ulating  in  th e  f i l te r  

p o re s . The p o re  s ize s  become sm aller due  to  th e  accum ulating  d ep o sit 

an d  th e  flow velocity  is  in c re a se d  acco rd in g ly . The in c re a se d  flow 
velocity  lead s  to  an  in c re a se d  liq u id  sh e a r  s t r e s s  a t  th e  d ep o sit 
su rfa c e , some of th e  d ep o sited  p a r tic le s  may become d e tach ed  and  
re -s u s p e n d e d  in to  th e  flow. D eposit w ith a h ig h e r  s h e a r  s t r e n g th  will 

be  le s s  liab le  to  de tachm en t. R u p tu re  of p a r t  of th e  d ep o sits  a t  a 

p lane  of w eakness c a u se s  a  p a r tic le , o r more u su ally  an  a g g re g a te  of 

p a r tic le s , to  d e tach  an d  be e n tra in e d  in  th e  flow. An a lte rn a tiv e  

d e tach m en t m echanism  o c c u rs  when a co n sid e rab le  am ount of d ep o sit 

has  accum ulated  in  th e  f i l te r  p o re s , say , a f te r  20 to  30 h o u rs  of 

o p e ra tio n  (Iv es , 1980). The d e tach m en t is  cau sed  by  su sp en sio n  

p a r tic le s  co llid ing  with an u n s ta b le  d e p o sit and  cau s in g  an  "av a lan ch e"

64



Zone of Maximum 
Turbulence _
Pm-] ** 50 Pm 
V] ~ 0 .005 V

Bulk Zone
Pnn^ M 0.25Pm

Total volume = V V-z * 0 .9  V
V = V1 + V2 + V3 J

Average Power Dissipation = Pm

Figure 2.9. Partitioned energy dissipation in stirred tank
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w ith many a g g re g a te s  b re a k in g  away in to  th e  flow ing liq u id . The 
more com pact a g g re g a te s  a re  p re fe r re d  in  deep  bed f il tra tio n  a s  th e y  
a re  more to le ra n t  to  th e  h ig h e r  s h e a r  s t r e s s .  The open s t r u c tu r e  

a g g re g a te s  may lead  to  th e  b lock ing  of f i l te r  p o re s  an d  a re d u c ed  

f i l tra tio n  ra te .  They a re  more liab le  to  r e s t r u c tu r in g  u n d e r  p re s s u re  
an d  th e re fo re  in c re a se  th e  ch an ce  of f i l te r -b re a k  th ro u g h  due  to  th e  

r u p tu r e  of a g g re g a te s .
In  flo ta tio n , th e  r a te  of u p w ard  motion of moving a g g re g a te s  o r 

a g g re g a te s  p lu s  g as b u b b le s  is  de te rm in ed  by  an equ ilib rium  of fo rce s  

in c lu d in g  g ra v ity , buo y an cy  an d  d ra g  re s is ta n c e . I t  is  obv ious th a t  

low d e n s ity  floes a re  d e s ira b le  in  flo ta tio n . B uoyancy is  a 
c h a ra c te r is t ic  p a ra m e te r of th e  so lid s  to  be  rem oved b u t  i t  can  be 

m odified by th e  a tta ch m en t of g a s  b u b b le s . Drag fo rc e s  d ep en d  on 
a g g re g a te  s ize  an d  sh ap e  an d  th e y  a re  im possib le to  p re d ic t  b ecau se  of 

th e  v a ry in g  motion of p a r tic le s .
D issolved Air F lo tation  (DAF) tech n o lo g y  is  p a r tic u la r ly  e ffec tiv e  in  

th e  rem oval of low d e n s ity  m aterial su c h  a s  a lgae. The DAF p ro c e ss  
h a s  g a ined  w ider accep tan ce  in  w ater tre a tm e n t in  r e c e n t  y e a rs . 

Edzw ald el al (1990) h av e  show n th a t  floccu lation  is  need ed  fo r  good 
flo ta tio n  perfo rm ance. Maximum p a rtic le  rem oval was ach ieved  when 
th e  p a rtic le s  c a r ry  l i t t le  o r no e lec tr ic a l c h a rg e .

M ineral p a r tic le s  a re  ra re ly  flo a ted  in d iv id u a lly  in  o re  flo ta tio n , in  
p a r tic u la r ly , f in e -s iz e d  p a r tic le s  of le s s  th a n  10 \im  a re  o ften  

a g g re g a te d  w ith a  su ita b le  o rg an ic  flo ccu lan t b e fo re  tre a tm e n t with th e  

a p p ro p r ia te  co llec to rs  (F u e rs te n a u  an d  H e rre ra -U rb in a , 1989). The 

flo a tab ility  of a g g re g a te d  p a rtic le  a re  b e t te r  th a n  th e  in d iv id u a l 
p a r tic le s . Possib le  ex p lan a tio n s  a re : h ig h e r  collision ra te s  due  to  an

in c re a s e  in  s ize , b e t te r  a tta ch m en t to  a ir  b u b b le s  (e ith e r  th e  

e le c tro s ta tic  re p u ls iv e  fo rce s  a re  su ffic ie n tly  re d u c e d  a n d /o r  th e  

h y d ro p h o b ic ity  of th e  m ineral p a r tic le s  is  in c re a se d  due  to  th e  

p re se n c e  of th e  co llec to r chem icals), an d  th e  a g g re g a te /a ir  b u b b le  

complex is  more s ta b le  b ecau se  of th e  i r r e g u la r  sh ap e  of th e  

a g g re g a te s .
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2.5. In s tru m e n ta tio n  an d  E xperim ental M ethods

The te c h n iq u e s  availab le  to  s tu d y  colloidal sy stem s a re  v a s t.

T his sec tion  d e sc r ib e s  only  th o se  in s tru m e n ta tio n  and  experim en tal 

te c h n iq u e s  u sed  in  th e  p re s e n t  s tu d y .

2.5.1. P hoton -  Cor re la tio n  -  S p e c tr  oscop y

One of th e  many te c h n iq u e s  u sed  in  s tu d y in g  colloidal sy stem  is  

p h o to n -c o rre la tio n -sp e c tro sc o p y . I t  in v o lv es  th e  s c a tte r in g  of la se r  

l ig h t  by a colloidal su sp e n s io n  b u t  th e  te c h n iq u e  is  d if f e re n t from  

co n v en tio n a l l ig h t- s c a t te r in g  (R andle, 1980). In  co n v en tio n al l ig h t 

s c a t te r in g , th e  in te n s ity  of l ig h t s c a t te re d  by  a colloidal sam ple is  

m easu red  a s  a  fu n c tio n  of s c a t te r in g  ang le . This a n g u la r  p ro file  can 

be u sed  to  d ed u ce  th e  p a rtic le  d im ensions. P h o to n -co rre la tio n  -

sp ec tro sc o p y  is  b ased  on th e  ca lcu la tion  of th e  d iffu sio n  co effic ien t D 
of p a r tic le s  by  m easuring  th e  in te n s ity  f lu c tu a tio n s  of l ig h t s c a tte re d  

by  th e  p a rtic le s  as  th e y  u n d e rg o  Brow nian motion The random  

position  of th e  p a rtic le s  g iv e s  r is e  to  a  random  d iffrac tio n  o r "sp eck le"  
p a t te rn  of th e  s c a tte re d  lig h t. The random  co n fig u ra tio n  of th e  
" sp e c k le"  p a tte rn  c h an g e s  due  to  th e  Brow nian motion of th e  p a r tic le s . 
The tim e ta k e n  fo r  th e  in te n s ity  a t  one p o in t in  th e  p a t te rn  to  
f lu c tu a te  from  an  in te n s ity  maximum to  a  minimum c o rre sp o n d s  to  th e  

tim e re q u ire d  fo r  a p a r tic le  to  move one w aveleng th . This in te n s ity  

f lu c tu a tio n  can  be  m easured  w ith a  pho tom ultip lier. A d ig ita l 
c o r re la to r  m easu res th e  c o rre la tio n  fu n c tio n  of th e  s c a t te re d  l ig h t  and  

th e  d iffu sio n  co effic ien t D can  be  o b ta in ed . The hydrodynam ic  ra d iu s  

a t  is  re la te d  to  th e  d iffu sio n  co effic ien t D by  th e  S to k es-E in ste in  

eq u a tio n
kTD = ———  (2 .33 )

6JIT1GU

2.5.2. P a rtic le  mobility by m ic ro e lec tro p h o resis
The s ta b ility  of p a r tic le s  can  be  a s se s se d  to  some d e g re e  by  

m easu ring  th e i r  e lec tro p h o re tic  m obilities. S u sp en sio n s  co n ta in in g
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h ig h ly  c h a rg e d  p a rtic le s  a re  g en e ra lly  s ta b le . The c h a rg e  

c h a ra c te r is t ic s  of p a r tic le s  can  be in fe r r e d  from  th e i r  e lec tro p h o re tic  
m obilities.

The s u rfa c e  c h a rg e  of su sp e n d e d  p a r tic le s  is  com pensated  by  th e  
a d so rp tio n  of c o u n te r - io n s  in  bu lk  so lu tion . The accum ulation  of 

th e s e  c o u n te r - io n s  c a u se s  a g ra d u a l re d u c tio n  in  th e  p o ten tia l from  i ts  

va lue  a t  th e  su rfa c e , , to  zero  in  bu lk  so lu tion . The c h a rg e  

se p a ra tio n  a t  th e  in te r fa c e  betw een  two p h a se s  can  g ive  r is e  to  

e lec tro k in e tic  e ffe c ts  when one of th e  tw o p h a se s  moves tangent.ially  to  

th e  second  p h ase  (H un ter, 1981). The fo u r  e lec tro k in e tic  phenom ena 

a re  e le c tro p h o re s is , e lec tro -o sm o sis , s tream in g  p o ten tia l and  

sed im en ta tion  po ten tia l.

The u l tr a  m icroscopic te c h n iq u e  (p a rtic le  m ic ro e lec tro p h o resis) is  

th e  m ost common m ethod fo r  m easuring  e lec tro p h o re tic  mobility (p a rtic le  
m obility). The p a r tic le s  move u n d e r  th e  in flu en ce  of an  e le c tr ic  fie ld  

while th e  liq u id  rem ains s ta tio n a ry . The c h a rg e d  p a rtic le  moves in  
th e  a p p ro p r ia te  d irec tio n , while th e  io n s  in  th e  mobile p a r t  of th e  

doub le  la y e r  show a  n e t  m igration  in  th e  op p o site  d irec tio n .

The m aterial u n d e r  in v e s tig a tio n  is  p laced  in  an  e le c tro p h o re s is

cell which c o n s is ts  of a g la ss  tu b e  with an  e lec tro d e  a t  each  en d .
The g la ss  walls a re  u su a lly  n eg a tiv e ly  c h a rg e d , cau s in g  an 

e lec tro -osm otic  flow of liq u id  n e a r  to  th e  tu b e  walls. As th e  cell is  
c lo sed , th e re  will be  a com pensating  r e tu r n  flow of liq u id  with maximum 

velocity  a t  th e  c e n tre  of th e  tu b e . The t r u e  e lec tro p h o re tic  velocity  

is  only  o b se rv ed  a t  locations in  th e  tu b e  w here e lec tro -osm otic  flow 

an d  r e tu r n  flow of th e  liq u id  cance l, th e  so -ca lled  s ta tio n a ry  lev e ls .
The a v e ra g e  p a rtic le  velocity  is  m easured  a t  b o th  s ta t io n a ry  lev e ls  by 

a v e ra g in g  a t  le a s t  20 m easurem ents in  each  d irec tio n .
P a rtic le  m obility is  ca lcu la ted  from  th e  p a rtic le  ve locity , V, when

an  e lec tr ic  p o ten tia l, E, is  app lied  betw een  two e lec tro d e s  s e p a ra te d  by

a d is ta n ce , L. The p a r tic le  m obility is  th e n

l l   -----  units o f
*  E / L  I

(2 .34 )
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The co n v ersio n  of p a rtic le  m obility to  zeta  p o ten tia l re q u ire s  
know ledge of th e  m agnitude of th e  d o u b le -la y e r th ic k n e s s  re la tiv e  to  
th e  p a rtic le  ra d iu s  (* a ) .  The co n v ers io n  is  n o t alw ays c a r r ie d  o u t 

an d  in  many p ra c tic a l c a se s  i t  is  su ff ic ie n t to  c o rre la te  p a rtic le  
m obility to  s ta b ility .

2.5.3. C ounting of p a r tic le  by  C ou lter C oun ter

One of th e  most widely u sed  p a rtic le  size  a n a ly s is  d ev ices  is  th e  

C ou lter c o u n te r  which o p e ra te s  by  m easuring  th e  e lec tr ic a l re s is ta n c e  

of an  e lec tro ly te  a c ro ss  an  o rifice . A d ilu te  d isp e rs io n  is  made to  

flow th ro u g h  a small o rifice . The p a ssa g e  of a  n o n -co n d u c tin g  
p a rtic le  th ro u g h  th e  o rifice  c au se s  a  m om entary in c re a se  in  th e  e lec tric  

re s is ta n c e  betw een  e le c tro d e s  p laced  e ith e r  s ide  of th e  o rifice . The 
m agnitude of th is  in c re a se  in  re s is ta n c e  d e p en d s  on th e  size  of th e  

p a rtic le . Lloyd an d  co -w o rk e rs  (1970) have  show n th a t  th e  c h an g e  in  

o rifice  re s is ta n c e , i.e . h e ig h t of vo ltag e  p eak , is  p ro p o rtio n a l to  p a rtic le  

volum e p ro v id in g  th a t  th e  p a rtic le  d iam eter does n o t exceed  20% of th e  
o rifice  d iam eter. Allen (1966) h a s  show n th a t  th e re  is  an  e r r o r  of 

7.8% fo r  th e  e q u iv a le n t sp h e r ic a l d iam eter of rod  sh ap e d  p a r tic le s  and  

3.6% fo r  s p h e re s  when a lin e a r  re sp o n se  is  assum ed up  to  a 40% 
d iam eter ra tio . The v o ltag e  p u lse s  a re  am plified an d  p assed  to  a 

d isc rim in a to r c irc u it. The e lec tro n ic  c irc u itry  of th e  system  is  su ch  
th a t  all p u lse s  g re a te r  th a n  a p r e - s e t  lev e l a re  co u n ted . T hat is , 
p a r tic le s  above a c e r ta in  size  a re  co u n ted  e v e ry  tim e th e  re s is ta n c e  

r is e s  above th e  c o rre sp o n d in g  p re se le c te d  c u t-o f f  va lue. More 
so p h is tic a te d  v e rs io n s  h av e  a m ultichannel a n a ly se r , so th a t  a 

f re q u e n c y  d is tr ib u tio n  of p a rtic le  s ize s  can  be o b ta in ed .

2.5.4. F locculation  m onitoring  by  op tica l m ethods

M easurem ents of th e  l ig h t  s c a t te re d  by  su sp e n d e d  p a rtic le s  a re  

o ften  made to  m onitor th e  floccu lation  of su sp e n s io n s . In  g en e ra l, 

th e re  a re  two ty p e s  of l ig h t- s c a t te r in g  exp erim en ts  th a t  may be 

perfo rm ed : a n g u la r  l ig h t  s c a t te r in g , w here th e  in te n s ity  of th e

s c a tte re d  l ig h t is  m easured  as  a fu n c tio n  of th e  s c a tte r in g  an g le , and  
th e  tu rb id i ty  (o r op tica l d e n s ity )  de te rm in a tio n , w here th e  in te n s ity  of
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th e  tra n s m itte d  beam is  m easured . A th i r d  floccu lation  m onitoring 
te c h n iq u e , b ased  on f lu c tu a tio n s  in  th e  in te n s ity  of tra n sm itte d  lig h t, 
was developed  by G regory  an d  Nelson (1984). The b a s is  of th e  

te c h n iq u e  is  d e sc rib e d  below.

A narrow  beam of l ig h t  p a sse s  t r a n s v e r s e ly  th ro u g h  a tu b e , 

th ro u g h  which th e  su sp e n s io n  u n d e r  in v e s tig a tio n  flow s. The am ount 

of l ig h t tra n sm itte d  d e c re a se  exponen tia lly  w ith in c re a s in g  su sp e n d e d  

so lid s  c o n ten t. T here  a re  in e v ita b le  local f lu c tu a tio n s  in  p a rtic le  

co n ce n tra tio n . As th e  sam ple is  co n tin u a lly  being  renew ed  by  th e  

flow of su sp e n s io n  th ro u g h  th e  tu b in g , th e  p a rtic le  c o n ce n tra tio n  of 
th e  illum inated  sam ple a t  any  in s ta n t  show s random  v a ria tio n  ab o u t th e  

mean value. This g iv e s  r is e  to  th e  random  flu c tu a tio n s  in  th e  

tra n sm itte d  l ig h t  in te n s ity  (see  f ig u re  2.10.).

The l ig h t in te n s ity  is  m onitored by a se n s itiv e  photod iode an d  th e  
o u tp u t  vo ltage  is  p ro p o rtio n a l to  th e  in te n s ity . The o u tp u t c o n s is ts  

of a la rg e  d .c . com ponent which c o rre sp o n d s  to  th e  a v e ra g e  tra n sm itte d  

l ig h t  in te n s ity  an d  a sm all a.c. com ponent due  to  th e  random  v a ria tio n  

in  solid  c o n cen tra tio n . The s im p lest m easure  of a  f lu c tu a tin g  s ig n a l is  
to  d e r iv e  i t s  ro o t mean s q u a re  (r.m .s.) va lue. G regory  (1985) has 
show n th a t  th e  r.m .s. va lue  d e p en d s  on th e  s q u a re  ro o t of th e  p a rtic le  
c o n ce n tra tio n , th e  s c a t te r in g  c ro s s -s e c tio n  of th e  p a r tic le s  and  th e  
sam ple volume.

G regory  an d  Nelson (1984) h av e  v e rified  experim en tally  th a t  fo r  
g iven  experim en tal co n d itio n s  w here th e  e ffe c tiv e  a re a  an d  in c id e n t 

in te n s ity  of th e  l ig h t beam a re  c o n s ta n t, th e  m easured  r.m .s. va lue  

d ep en d  on th e  s q u a re  ro o t of th e  a v e ra g e  num ber of p a r tic le s  (solid 

c o n ten t)  in  th e  beam. However, th e  r.m .s. va lue  c an n o t be ta k e n  to

rms (2 .35 )

w here Vrms 

Vo

A

n

K

rm s vo ltage  fo r  th e  flow ing su sp e n sio n
d.c. vo ltag e  c o rre sp o n d in g  to  th e  in c id e n t l ig h t

in te n s ity

a v e ra g e  num ber of p a r tic le s  in  sam ple volume 

a v e ra g e  s c a t te r in g  c ro s s -s e c tio n  of th e  p a r tic le s  

e ffec tiv e  illum inated  c ro s s -s e c tio n a l a re a
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Figure 2 . 1 0 .  Principle o f  the monitoring tech n iq u e
The intensity of light transmitted through a flowing dispersion 
shows random fluctuations about the mean, (a) a stable 
suspension and (b) a flocculated suspension.
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i n te r p r e t  su sp e n d e d  so lid s  co n ce n tra tio n . T his is  b ecau se  th e  r.m .s. 
va lue  is  g re a tly  a ffec ted  by c h an g e s  in  th e  s ta te  of a g g re g a tio n  of 
p a r tic le s . The u se  of th e  r.m .s. m easurem ents in  m onitoring 

floccu lation  r e s t s  on th e  s e n s itiv ity  of r.m .s. va lue  to  ag g re g a tio n . 
D uring th e  c o u rse  of a g g re g a tio n , th e  r.m .s . va lue  c h an g e s  a s  th e  

r e s u l ts  of p a r tic le  c o n ce n tra tio n  re d u c tio n  an d  in c re a s in g  s c a tte r in g  

c ro s s -s e c tio n . A lthough th e s e  h av e  o p p o site  e ffe c ts  on th e  r.m .s. 

v a lu es , th e  n e t e ffe c t is  alw ays a s u b s ta n tia l  in c re a se  in  f lu c tu a tio n s  
a s  re f le c te d  in  th e  m easured  r.m .s. v a lu es . The r.m .s. va lue  d iv id ed  

by  th e  d.c . va lue  g iv e s  a  Ratio va lue , R, which is  fo u n d  to  p ro v id e  a 
more s e n s itiv e  in d ica tio n  of a g g re g a tio n  th a n  th e  r.m .s. va lue  o r  th e  

d .c . value. The Ratio ( r .m .s ./d .c .)  va lue, R, is  te rm ed  "T u rb id ity  

F lu c tu a tio n "  an d  is  g en e ra lly  u sed  to  d e r iv e  an em pirical m easure  of 
th e  s ta te  of a g g re g a tio n  s in ce  th is  ra tio  is  n o t a ffec ted  by  

contam ination  of op tica l su r fa c e s  o r  d r i f t  in  e lec tro n ic  com ponents.
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CHAPTER THREE

EXPERIMENTAL MATERIALS AND METHODS

3.1. M aterials

A nalar g ra d e  re a g e n ts  were u sed . Solu tions w ere p re p a re d  with 

d e -io n ised  w ater from  an  Elga " S pec trum " u n it. The spec ific  

co n d u c tiv ity  of th e  w ater was m ain tained  below lfiS  c m ' 1. The pH of 

th e  w ater was n o t a d ju s te d  to  any  p re s e t  va lue. The c h a rg e  d e n s ity  
of th e  ty p e s  of polym ers u sed  in  th is  work is  n o t in flu en ced  by th e  pH 

of th e  so lu tion  (D entel, 1991).

3.1.1. Silica su sp e n s io n s

The silica p a rtic le s  u sed  were S ik ron  F600, a p ro d u c t of 

Q uarzw erke , GmbH, Cologne, FRG. The o rig in a l sam ple was d isp e rse d  

in  deion ised  w ater and  f ra c tio n a te d  by d if fe re n tia l sed im en ta tion . 
P a rtic le s  mainly in  th e  size  ra n g e  1 -  3 \im  w ere co llected . The size  

d is tr ib u tio n  of th e  silica  p a r tic le s  was d e term ined  with a C oulter 
C oun ter, Model T l, u s in g  a 50 \ i .m  o rif ice  tu b e .

Two sam ples of silica  su sp e n s io n s  d en o ted  A and  B w ere p re p a re d . 

The a v e ra g e  e q u iv a len t d iam eter of Sam ples A and  Sample B w ere 
2.6 \lm  and  1.9 \im  re sp e c tiv e ly . The size  d is tr ib u tio n  of th e  two 

sam ples a re  p re s e n te d  in  A ppendix I. The solid  c o n te n t of th e  
sam ples were de term in ed  by  ta k in g  an  know n a liq u o t of each  sam ple 
and  d rie d  to  c o n s ta n t w eight.

3.1.2. P o ly s ty re n e  su sp e n s io n s

P o ly s ty re n e  la tex  p a r tic le s  w ere p re p a re d  by  em u ls if ie r-free  
polym erization  an d  w ere u sed  w ithou t p u rif ica tio n . The p a rtic le  size , 

as  de te rm in ed  by  C oulter co u n tin g , is  g iven  in  A ppendix II. 91% of 

th e  p a r tic le s  a re  in  th e  s ize  ra n g e  2 ± 0 .2 5  ixm . The o rig in a l la tex  

su sp e n sio n  was d ilu ted  1000 tim es to  g ive a s ta n d a rd  la tex  su sp en sio n . 

200 \l I of th e  s ta n d a rd  su sp e n s io n  was d ilu ted  to  20 ml with 2% NaCl 
fo r  p a r tic le  s ize  an a ly s is . The volum e of th e  re s u lt in g  su sp en sio n  

re q u ire d  fo r each  p a rtic le  co u n t was s e t  a t  0.05 ml. Assum ing all
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p a r tic le s  w ere sp h e r ic a l, th e  volume fra c tio n  was ca lcu la ted  fo r  
p a r tic le s  in  each  s iz e - ra n g e  ta k in g  th e  va lue  a t  th e  m id-po in t of each  

s ize  ra n g e  a s  th e  d iam eter. The p o ly s ty re n e  c o n te n t e stim ated  from  
C ou lter co u n tin g  was fo u n d  to  be  5.7 % v/v.

3.1.3. Polym eric flo ccu lan ts

Six cation ic  po lym ers w ere u sed  an d  th e s e  w ere sam ples k ind ly  

d o n a ted  by  Allied Colloids L td ., B rad fo rd , U.K.. The p ro p e r tie s  of th e  

po lym ers u sed  a re  lis te d  in  Table 3.1.. The m olecular s t r u c tu r e s  a re  

show n in  F ig u re  3.1.. F ou r of th e  cation ic  polym ers u sed  w ere 

copolym ers of acry lam ide  an d  d im ethylam inoethyl a c ry la te  (DMAEA).

They w ere P erco l 140 (P140), P erco l 326 (P326), Percol 292 (P292) and  
P erco l 63 (P63). The d im ethy lam inoethy l a c ry la te  a re  fu lly  q u a te rn ize d  
a n d  h ence  th e s e  po lym ers a re  p o s itiv e ly  c h a rg e d  o v e r a  wide pH ra n g e . 

The molar p ro p o rtio n  of DMAEA d e te rm in es  th e  c h a rg e  d e n s ity  an d  is  

g iv en  a s  "% catio n ic" . The c h a rg e  d e n s ity  of th e  polym ers lis te d  were 

g iv en  by  th e  m an u fac tu re r . P erco l 1597 (P1597) was 

po ly(2-hydroxypropyl-N ,N -dim ethylam m onium  ch lo rid e ), an  
ep ich lo ro h y d rin -d im eth y lam in e  polym er. This g ro u p  of polym ers is  
som etim es called  q u a te rn iz e d  polyam ines, p o ly q u a te rn a ry  am ines, an d  

epi./DMA polym ers, (M angrav ite , 1983). The la t te r  r e f e r s  to  th e  
p rim ary  raw m ateria ls  e p ic h lo ro h y d rin  an d  dim ethylam ine. P1697 
was poly(diallyldim ethylam m onium  ch lo rid e ), u su ally  r e f e r r e d  to  a s  

Poly(DADMAC). The "% cation ic"  of P1597 a n d  of P1697 a re  100%.
P1597 an d  P1697 w ere su p p lied  a s  a  40% aq u eo u s  so lu tio n . The ac tiv e  

co n ce n tra tio n  was re p o r te d  in  th is  work.

S tock  polym er so lu tio n s  (0.1% w/w) w ere p re p a re d  a s  follows: 

Polym er (100 mg) was a c c u ra te ly  w eighed in to  a  250 ml conical f la sk . 

M ethanol (3 ml) was a d d ed  to  d is p e rse  th e  polym er p a rtic le s .

S u ffic ien t am ount of w ater was a d d ed  to  make up  a 0.1% w/w s to ck  
so lu tio n . The re s u lt in g  so lu tion  was f i t te d  to  a  m echanical dev ice  

which a g ita te d  th e  so lu tion  slowly fo r  30 m inutes to  allow th e  d isp e rse d  
polym er p a r tic le s  to  d isso lv e  fu lly . S tock polym er so lu tio n s  

(0.1% w/w) w ere u sed  w ithin  a  week. W orking polym er so lu tions 

(0.01% o r  100 mg/1) w ere p re p a re d  daily .
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Table 3.1. P ro p e r tie s  of po lym ers u se d

Polym er %
Cationic

In tr in s ic  v isco s ity

(cm3/g )
M olecular 

m ass *
Diam eter 
(nm) **

P140 5 6 2.4 x 10* 100

P326 15 2 4.5 x 105 60

P292 15 6.5 2.7 x 10« 110

P63 30 7 3.0 x 10« 140

P1597 100 3-4 x 10* 70

P1697 100 — 3-4 x 10* 70

* The m olecular m ass w ere ca lcu la ted  from  th e  in tr in s ic  v isco s ity  
v a lu es  (g iv en  by  th e  m a n u fa c tu re r) , u s in g  th e  M ark-Houwink eq u a tio n , 

[i)]-K A fa, w ith c o n s ta n ts  K = 3.7 x 10~* cm3 g _1 an d  a - 0 .6 6 ,  a s  quo ted  
by  Gill an d  H e rrin g to n  (1987).

** The d im ensions of th e  po lym ers in  0.5 M NaCl w ere d e term ined  by 
pho ton  co rre la tio n  sp ec tro sc o p y  (i.e . c a lcu la ted  from  th e  d iffu sio n  
co effic ien ts .)

3.2. M ethods

The e ffe c ts  of th e  ionic  s t r e n g th  (a d ju s te d  by  u s in g  sodium  

ch lo rid e  a t  d if f e re n t  c o n c e n tra tio n s ) , th e  m olecular m ass an d  c h a rg e  
d e n s ity  of th e  po lym ers on th e  a g g re g a tio n  of th e  s ilica  p a r tic le s  w ere 

m onitored w ith a  P hotom etric  D ispersion  A nalyser, PDA 2000 (Rank 
Bros L td , C am bridge, U.K.). The in flu en c e  of d if f e re n t ty p e s  of io n s  

an d  th e  e ffe c t of th e  p re se n c e  of tw o e le c tro ly te s  w ere a lso  

in v e s tig a te d .

The main c o n s ti tu e n ts  of se a  w ater a re  Na+ an d  Cl" ions.

T ypically , th e  c o n c e n tra tio n s  of th e s e  io n s  a re  of th e  o rd e r  of 0.5M.
To s tu d y  th e  e ffe c t of h ig h  ionic s t r e n g th  on th e  u se  of 

p o ly e le c tro ly te s , floccu lation  was c a r r ie d  o u t in  0.5M NaCl. To com pare 

th e  in flu en ce  of d if f e re n t ty p e s  of io n s , f u r th e r  floccu lation  t e s t s  w ere 

c a r r ie d  o u t in  0.5M NaN03 an d  in  0.5M KCl.
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Sea w ater c o n s is ts  of a m ixture of io n s . The e ffe c t of th e  
p re se n c e  of tw o e le c tro ly te s  was s tu d ie d  by  c a r ry in g  o u t floccu lation  

t e s t s  in  so lu tio n s  co n ta in in g  a m ixture of 0.01M Ca&2/0.5M NaCl. The 

r e s u l ts  a re  com pared  w ith th o se  in  0.1M CaCh an d  th o se  in  0.5M NaCl. 

The sam e m ethod was ad o p ted  to  s tu d y  a  m ixture of 0.05M MgCh/0.5M 

NaCl. The c o n c e n tra tio n s  of CaCh an d  MgCh so lu tio n s  ch o sen  w ere 
com parab le  to  th o se  of a  ty p ic a l sea  w ater.

The coagu la tion  of a  la tex  su sp e n s io n  was followed with a  PDA 2000 

an d  th e  r e s u l ts  a re  com pared  w ith th e  re d u c tio n  in  p a rtic le  

c o n ce n tra tio n  a s  m onitored w ith a  C oulter C oun ter. C hanges in  th e  

s ta te  of a g g re g a tio n  h av e  p ro n o u n ced  e ffe c ts  on th e  r.m .s . v a lue , a s  

d e sc r ib e d  in  Section 2.5.4.. A gg reg atio n  is  a lw ays accom panied by  an 

in c re a s e  in  th e  m onitored Ratio v a lu e  (T u rb id ity  F lu c tu a tio n ). A 
su sp e n s io n  of 2 ixm la tex  p a r tic le s  was ch o sen  fo r  th e  work to  avoid 

experim en tal e r r o r s  a r is in g  from  th e  lim itation  of C oulter co u n tin g  
te c h n iq u e . P a rtic le s  of s iz e s  le s s  th a n  1 \ im  d iam eter c an n o t be 

c o u n ted  a c c u ra te ly  b ecau se  th e  no ise  to  s ig n a l ra tio  of th e  dev ice  

becom es s ig n if ic a n t in  t h a t  ra n g e . I t  i s  common p ra c tic e  to  s e t  th e  
th re s h o ld  a t  an  e q u iv a le n t sp h e r ic a l d iam eter of 1 iim . However, any  
s tu d y  of th e  floccu lation  of a  p o ly d isp e rse d  su sp e n sio n  by  C oulter 
c o u n tin g  co n ta in in g  p a r tic le s  le s s  th a n  1 \im  is  likely  to  be u n re liab le . 
D uring th e  c o u rse  of a g g re g a tio n , subm icron  p a r tic le s  a g g re g a te  in to  

a g g re g a te s  of s ize s  la rg e r  th a n  1 an d  make th e  a n a ly s is  of d a ta  

v e ry  d iff icu lt.

3.2.1. F locculation  p ro c e d u re s

F locculation  te s t s  w ere c a r r ie d  o u t in  a  250-ml b e a k e r , w ith 200 ml 

of s ilica  su sp e n sio n  a t  a  co n ce n tra tio n  of 65 mg/1, (Sam ple A was u sed ). 

The so lid  co n ce n tra tio n  u sed  in  th e  ex p erim en ts  n eed s  to  be 

su ffic ie n tly  low to  re f le c t  th e  floccu lation  m echanism s of a  d ilu te  

su sp e n s io n  an d  sh o u ld  allow th e  c h a n g e s  in  th e  v a lu es  of T u rb id ity  
F lu c tu a tio n  to  b e  m onitored eas ily . The so lid  c o n ce n tra tio n  chosen  

sa tis f ie s  th e  above re q u ire m e n t a n d  th e  c o n ce n tra tio n  ra n g e  is  

com parab le  to  many n a tu ra l  w a ters . A v a ria b le  sp ee d , tw o -b lad e

p ad d le  s t i r r e r  was u sed  fo r  mixing. The su sp e n s io n  was s t i r r e d  a t
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200 rpm . The experim en tal s e t-u p  is  show n schem atically  in  Fig 3.2.. 
The sam ple was w ithdraw n a t  a  ra te  of 3 ml/min, th ro u g h  a 

p o ly e th y len e  tu b e  of 1 mm in te rn a l d iam eter which p a sse d  th ro u g h  th e  
cell of th e  PDA 2000 an d  th e  flow was re -c irc u la te d  to  th e  flocculation  
v esse l. The T u rb id ity  F lu c tu a tio n  was m onitored co n tin u o u sly  on a 

c h a r t  re c o rd e r .

The polym er was ad d ed  by  p ip e ttin g  a p red e te rm in ed  volume of 

polym er so lu tion  of co n ce n tra tio n  of 100 m g/I in to  th e  su sp en sio n .
Rapid mixing of polym er and  p a rtic le s  can  be ach ieved  by  th is  method 

of polym er ad d itio n , minimising th e  p o ssib ility  of local o v e rd o sin g . 

F locculation te s t s  w ere c a r r ie d  o u t fo r  a ra n g e  of d o sag es  o v er a 

ra n g e  of ionic s t r e n g th s  (a d ju s te d  by ad d in g  sodium  ch lo rid e ) fo r each 

polym er. The r e s u l ts  a re  d isc u sse d  in  Section 4.1..
F locculation  te s t s  w ere c a r r ie d  o u t with Sample B a t  a 

co n cen tra tio n  of 50 mg/1, u s in g  fo u r  cation ic  polym ers (P140, P326, P292 
and  P63), to  in v e s t ig a te  th e  in flu en ce  of d if f e re n t ty p e s  of e lec tro ly te s  
a t  h ig h  s a lt  co n ce n tra tio n  and  th e  e ffe c t of th e  p re se n c e  of two 
e lec tro ly te s . The solid  co n ce n tra tio n  chosen  fo r  Sample B was low er 
th a n  th a t  fo r  Sample A b ecau se  of th e  sm aller a v e rag e  p a rtic le  size of 
Sample B. F or a g iven  solid  co n ce n tra tio n , th e  p a rtic le  num ber 

co n cen tra tio n  will be h ig h e r  fo r  a sam ple of low er a v e ra g e  p a rtic le  

size . The floccu lation  of silica  p a r tic le s  in  0.5M NaCl, 0.5M NaN0 3  and  
0.5M KCl is  d isc u sse d  in  Section 4.3. an d  th e  floccu lation  in  so lu tions 

co n ta in in g  m ix tu res of CaCh/NaCl and  of MgCh/NaCl a re  d iscu ssed  in 

Section 4.4..

3.2.2. P a rtic le  e lec tro p h o re tic  m obilities m easurem ents

The e ffe c ts  of a d so rb e d  polym ers an d  ionic s t r e n g th s  on th e  
e lec tro p h o re tic  mobility of th e  p a r tic le s  was determ ined  with a Mark 2 

P a rtic le  E lec tro p h o re s is  A p p ara tu s  (Rank Bros L td, C am bridge, U.K.), 

u s in g  a f la t  cell. A p red e te rm in ed  am ount of polym er was ad d ed  to  

th e  silica  su sp en sio n . The m ixture was mixed ra p id ly  fo r  30 seconds. 

Then, i t  was allowed to  s ta n d  fo r  30 m inutes p r io r  to  th e  de term ination  

of p a r tic le  m obility. The p a rtic le s  w ere o b se rv ed  with d a rk -f ie ld  

illum ination. The d irec tio n  of th e  c u r r e n t  was a lte rn a te d  betw een
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Figure  3 . 2 .  S c h e m a t i c  d i a g r a m  o f  e x p e r i m e n t a l  s e t - u p
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each  m easurem ent to  minimise e r r o r s  d u e  to  e lec tro d e  p o la risa tio n . 

Tim ings w ere made a t  b o th  s ta t io n a ry  lev e ls . An a v e ra g e  mobility 

v a lu e , fo r  ab o u t 20 p a r tic le s , w ere d e te rm in ed . The re s u l ts  a re  
d isc u sse d  in  Section 4.2..

3.2.3. P a rtic le  co u n tin g

The experim en tal a rra n g e m e n t was sim ilar to  th a t  s e t  up  fo r  th e  

floccu lation  t e s t  d e sc rib e d  in  S ection  3.2.1. (show n in  F ig u re  3.2.), 

ex cep t th a t  th e  flow was n o t re -c irc u la te d  to  th e  floccu lation  v esse l. 
The su sp e n s io n  was s t i r r e d  a t  50 rpm , to  re d u c e  a g g re g a te  b re a k -u p  

d u e  to  ex cess  s h e a r  s t r e s s .

The c o n ce n tra tio n  of th e  la tex  su sp e n s io n  was 5.7 x 10_3% v /v .
The su sp e n s io n  was allow ed to  flow th ro u g h  th e  m onitor v ia  1 mm i.d . 
tu b in g  an d  th e  ra tio  s ig n a l was m onitored on c h a r t  re c o rd e r . 0.5 ml 

of th e  su sp e n s io n  was d ilu ted  to  20 ml w ith 2% NaCl an d  0.5 ml of 
w hich was sam pled by  th e  C oulter C o un ter fo r  p a r tic le  size  an a ly s is . 
The flow was s to p p e d  to  c o n se rv e  m ateria l, by  c losing  a  ta p  co n n ec ted  

to  th e  en d  of th e  sam ple tu b e . 2.0 ml of a 1 M m agnesium  ch lo rid e  
so lu tion  was ad d ed  to  d estab iliz e  th e  su sp e n s io n  ( th e  fin a l e lec tro ly te  

c o n ce n tra tio n  of th e  la tex  su sp e n s io n  was 10 mM Mg2+). The 

su sp e n s io n  was allowed to  flow th ro u g h  th e  m onitor a t  in te rv a ls , 
d u r in g  which th e  v a lu es  of T u rb id ity  F lu c tu a tio n  w ere no ted  an d  
sam ples w ere w ithdraw n fo r  p a r tic le  co u n t d e te rm in a tio n s. The 
r e s u l ts  a re  d isc u sse d  in  Section 4.5..
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CHAPTER POOR

EXPERIMENTAL RESULTS AND DISCUSSIONS

4.1. F locculation  T es ts

F locculation t e s t s  w ere c a r r ie d  o u t a s  d e sc rib e d  in  Section 3.2.1.. 

The s ta te  of a g g re g a tio n  was m onitored fo r  ab o u t 15 m inu tes a f te r  
polym er ad d itio n . The va lue  of Ratio ( r .m .s ./d .c .) , T u rb id ity  

F lu c tu a tio n , can  be  a d ju s te d  by  th e  D.C. Gain an d  th e  R.M.S. Gain 

c o n tro ls  to  en h an ce  th e  s e n s itiv ity  of th e  in s tru m e n t to  th e  s ta te  of 

a g g re g a tio n  of p a r tic le s . A lthough th e  v a lu es  of F lu c tu a tio n  T u rb id ity  

a re  m easured  in  an  a r b i t r a r y  u n it, i t  is  a d eq u a te  fo r  th e  p u rp o se  of 

com paring  th e  d e g re e  of floccu la tion  of a  g iv en  su sp e n s io n  p ro v id ed  
th a t  th e  in s tru m e n t s e t t in g s  a re  fixed  fo r  th a t  su sp e n sio n . The 

in s tru m e n t c o n tro ls  w ere a r ra n g e d  to  g ive  th e  F lu c tu a tio n  T u rb id ity  a 
va lu e  of ab o u t 0.5 fo r  an  u n flo ccu la ted  su sp e n s io n  in  th is  w ork. A 

c h a ra c te r is t ic  c u rv e  from  su ch  an  ex p erim en t is  show n in  Fig. 4.1. 
which was o b ta in ed  u s in g  Percol 140 a t  a  dosag e  of 150 u g / Z i n  a 

s a l t - f r e e  so lu tion .
The floccu lation  c u rv e  can  be  a rb i t r a r i ly  d iv ided  in to  fo u r  reg io n s , 

a s  show n in  F ig u re  4.1.. The T u rb id ity  F lu c tu a tio n  c h an g e s  v e ry  
l i t t le  w ith tim e in  Region A. T his re f le c ts  th e  slow ad so rp tio n  of 

polym er m entioned in  S ec tions 2.3 .2 . an d  2.3.3.C.. At th is  s ta g e , most 

p a r tic le s  h av e  n o t y e t a d so rb e d  en o u g h  polym er to  become d estab ilized  

an d  p a rtic le  co llisions may n o t r e s u l t  in  a g g re g a te  fo rm ation . As more 
polym er is  a d so rb e d , th e  p a r tic le s  becom es d e s tab ilized  an d  th u s  
co llisions of p a r tic le s  will form  s ta b le  a g g re g a te s . As a  r e s u lt ,  th e  
v a lu es  of th e  T u rb id ity  F lu c tu a tio n  beg in  to  show a d is t in c t  r is e  with 

tim e which m arks th e  in itia tio n  of floccu la tion  (Region B).

The T u rb id ity  F lu c tu a tio n  in c re a s e s  lin e a rly  w ith tim e in  Region C, 

which could  be  in te rp re te d  a s  a  c o n s ta n t r a te  of floccu lation  of th e  
su sp e n s io n . At th e  b eg in n in g  of th is  p h a se , many p a r tic le s  h ave  

a c q u ire d  su ff ic ie n t am ount of polym er n eed ed  fo r  th e  form ation of 
s ta b le  a g g re g a te s . As d isc u sse d  in  Section 2.3.3.b, th e  co n cep t of ha lf 

s u r fa c e  co v e rag e  fo r  maximum s u c c e ss fu l collision ra te  may no lo n g e r
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be ap p licab le  to  polym er floccu lation  k in e tic s . N ev erth e le ss , a 

maximum su c c e ss fu l collision ra te  sh o u ld  o ccu r with a  sp ec ific  am ount 
of a d so rb e d  polym er. The am ount of a d so rb e d  polym er re q u ire d  to  
b r in g  ab o u t th is  maximum ra te  will d ep en d  on th e  c h a ra c te r is t ic s  of th e  

polym er, th e  p a r tic le  co n ce n tra tio n  an d  th e  ionic s t r e n g th  of th e  
so lu tion . F u r th e r  a d so rp tio n  of polym er may re d u c e  collision 

e ffic ien cy . The in te ra c tio n  of o p p o s ite ly -c h a rg e d  p a tc h e s  on d if fe re n t 

p a r tic le s  will be  le s s  lik e ly . An ex cess  co v e rag e  of polym er may lead 

to  a re v e rs a l  of s u rfa c e  c h a rg e . The n um ber of su ita b le  v a ca n t s ite s  
to  allow fo r polym er b r id g in g  a re  a lso  re d u c e d . The s ize  d is tr ib u tio n  

of th e  su sp e n d e d  p a r tic le s  c h an g e s  a s  th e  floccu lation  of th e  

su sp e n s io n  p ro c e ed s , fo rm ing  la rg e r  a g g re g a te d  p a rtic le s . U nder th e  

g iv en  sh e a r  co n d itio n s  w here th e  dom inant t r a n s p o r t  m echanism  is  

o rth o k in e tic  collision, th e  la rg e r  collision r a d ii  of a g g re g a te d  p a rtic le s  

can  en h an ce  th e  collision ra te  of flo ccu la tin g  p a rtic le s . The n e t  e ffe c t 
of th e  en h an ced  p a rtic le  collision ra te  an d  re d u c e d  collision effic iency  
seem s to  g ive  a  s te a d y  floccu lation  ra te  a s  in d ic a ted  (Region C), 
a lth o u g h  th e re  is  no th e o re tic a l b a s is  fo r  th e se . The slope  of th e  

floccu lation  c u rv e  can  be  c o n sid e re d  a s  an  em pirical m easure  of th e  

floccu lation  ra te ,  s in ce  th e  T u rb id ity  F lu c tu a tio n  is  an  in d ica tio n  of th e  
s ta te  of a g g re g a tio n .

In  Region D, th e r e  is  a  le v e lin g -o ff of th e  T u rb id ity  F lu c tua tion . 

D epending on th e  am ount of polym er ad d ed , re s tab iliz a tio n  of p a r tic le s  

is  p o ssib le  when ex cess  polym er is  a d so rb e d . This could  lead  to  a 

declin ing  floccu lation  ra te .  Even when th e  am ount of polym er ad d ed  

is  in s u ff ic ie n t to  re s ta b il iz e  th e  p a r tic le s , th e  a g g re g a te s  will 

ev en tu a lly  re a c h  a  lim iting  size  a s  d e te rm in ed  by  th e  s t i r r in g  
co n d itio n s  an d  by  th e  a g g re g a te  s t r e n g th .  This p a rtia lly  exp la in s th e  

maximum o b se rv e d  in  th e  floccu lation  c u rv e .

4.1.1. E ffect of polym er dosage

F ig u re s  4.2 .-4 .7 . show th e  floccu la tion  c u rv e s  o b ta in ed  when 

d if fe re n t  am ounts of th e  six polym ers u n d e r  t e s t  w ere a d d ed  to  
s a l t - f r e e  su sp e n s io n s . The polym er u sed  in  F ig u re  4.2. was 

Perco l 140. At th e  low est d o sage , 25 \Lg/l, th e  T u rb id ity  F lu c tu a tio n
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is  e sse n tia lly  u n ch an g ed  which in d ic a te s  l i t t le  o r no floccu lation  in  th e  

15 m inu tes floccu lation  tim e. Two d is t in c t  e f fe c ts  a re  o b se rv e d  w ith 

in c re a s in g  d o sag es . The in itia l " lag  p h ase"  (Region A) re d u c e s  a s  th e  

do sage  in c re a se s . The r a te  of p a rtic le -p o ly m e r collision is  in c re a se d  

w ith an  in c re a se  in  polym er co n ce n tra tio n . The h ig h e r  th e  polym er 

d osage , th e  s h o r te r  th e  tim e re q u ire d  fo r  th e  p a r tic le s  to  a c q u ire  
en o u g h  polym ers to  become d estab iliz ed . At a  h ig h  d o sag e  (400  \ i g / l \  

floccu lation  b eg in s  im m ediately a f te r  ad d itio n  of polym er, a s  in d ica ted  

by  th e  d isap p e a ra n ce  of Region A. The seco n d  e ffe c t is  th e  slope  of 

th e  floccu lation  c u rv e  in  Region C. Up to  a c e r ta in  d o sage , th e  slope 

becom es s te e p e r  w ith an  in c re a se  in  dosage . T h e re a fte r , th e  slope 
d e c re a se s  w ith an  in c re a s e  in  do sag e . The s te e p e r  s lope  may be 
in te rp re te d  a s  a  more ra p id  floccu lation . T h e re fo re , th e  slope  in  

Region C can  be  u sed  a s  an  em pirica l m easu re  o f th e  floccu lation  ra te .

The d o sage  a t  w hich th e  s lope  is  s te e p e s t  c o rre sp o n d s  to  th e  
optimum floccu lation . The a d so rp tio n  of polym er dom inates th e  

re -co n fo rm a tio n  of polym er, w ith in c re a s in g  polym er c o n cen tra tio n .
The f la tte n in g  of a d so rb e d  polym er m olecules on p a r tic le s  may be 
in s ig n if ic a n t, e sp ec ia lly , when th e  c h a rg e  d e n s ity  of th e  polym er is  low. 

When th e  "Polym er b r id g in g "  m echanism  is  p redom inan t, th e  floccu lation  
of th e  su sp e n s io n  is  like ly  to  p ro ceed  f a s te r  w ith th e  a d so rb e d  polym er 
m olecules in  a  more ex ten d ed  conform ation . On th e  o th e r  h an d , too 

m uch a d so rb e d  polym er may leave  too  few ad so rp tio n  s i te s  fo r  polym er 
of o th e r  p a r tic le s  to  a d so rb . In  th e  case  w here th e  "E le c tro s ta tic  
p a tc h "  m echanism  is  p red o m in an t, th e  u n ev en  d is tr ib u tio n  of c h a rg e s  

on p a rtic le s  a r e  more p ro n o u n ced  w ith a  h ig h e r  polym er c o n cen tra tio n . 

T his may r e s u l t  in  a  s t ro n g e r  a t tra c t io n  among p a r tic le s , g iv ing  a 

b e t te r  floccu lation . H ow ever, an  ex cess  am ount of a d so rb e d  polym er 

can  lead  to  rep u ls io n .
The optimum d o sage  fo r  a  g iv en  sy stem  is  v e ry  d iff icu lt to  de fin e  

unam biguously , th e  optim um  o p e ra tio n a l do sag e  may n o t be th e  dosage  

fo r  optimum floccu la tion . In  th e  c ase  of P erco l 140 a s  show n in  
Fig 4.2., th e  optimum d o sag e  a p p e a rs  to  be  ab o u t 200  \ i g / l  w here th e  

slope  is  s te e p e s t  an d  th e  maximum value  of T u rb id ity  F lu c tu a tio n  is  

h ig h e s t . However, th e  maximum floccu la tion  r a te  is  n o t a tta in e d  u n til
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a b o u t 5 m inutes a f te r  d o sin g . W hereas, a t  a  h ig h e r  d o sag e  (400 \i q / 1 )  

th e  in itia l " lag  p h ase"  is  n o t o b se rv e d  an d  th e  maximum floccu lation  
ra te  is  a tta in e d  im m ediately a f te r  d o s in g . When an  ex cess  am ount of 
polym er is  ad d ed , th e  r a te  of polym er a d so rp tio n  is  f a s te r .  The 

p a r tic le s  ra p id ly  a c q u ire  ex cess  polym er a n d  th e  collision e ffic iency  is  

re d u c e d . Up to  a b o u t 8 m inutes a f te r  polym er ad d itio n , a  d o sage  of 
400  \ ig /1  g iv es  a  g re a te r  d e g re e  of floccu lation  th a n  low er do sag es . 

H ow ever, th e  maximum va lue  of T u rb id ity  F lu c tu a tio n  a tta in e d  is  low er 
th a n  th o se  a tta in e d  when u s in g  low er d o sag es  su c h  a s  150 u p / £ and  

200  \ i g / l .  Sim ilar t r e n d s  a re  fo u n d  w ith floccu lation  t e s t s  perfo rm ed  

w ith o th e r  po lym ers, see  F ig u re s  4 .2 .-4 .7 ..

The above o b se rv a tio n s  p o in t o u t t h a t  optimum o p e ra tio n a l dosage  

is  d e p e n d e n t on th e  sp ec ific  re q u ire m e n ts  of th e  p ro c e ss . The 

o p e ra tio n a l optimum do sag e  will d ep en d  on w h e th er a  ra p id  floccu lation  
is  re q u ire d  o r  a  m oderate  floccu lation  tim e, say , 10 m inutes, is  allowed. 
A h ig h  polym er ap p lica tio n  ra te  is  n e c e s sa ry  in  ap p lica tio n s  w here 

ra p id  d e stab iliza tio n  is  re q u ire d . Even th o u g h , a  low er polym er 
d o sag e  would lead  to  a  h ig h e r  d e g re e  of floccu lation  if  a lo n g e r 
floccu lation  tim e was allow ed. A no ther co n sid e ra tio n  n e ed s  to  ta k e  

in to  acco u n t is  th e  c h a ra c te r is t ic s  of th e  a g g re g a te s  form ed. The 
a g g re g a te s  form ed h av e  to  be su ita b le  fo r  s e p a ra tio n  by  th e  
s u b se q u e n t p ro c e ss . So f a r ,  th e r e  is  l i t t le  p u b lish ed  work re la tin g  
th e  c h a ra c te r is t ic s  of a g g re g a te s  a n d  floccu lation  co n d itio n s .

4.1.2. E ffec t of ionic s t r e n g th

The ionic s t r e n g th  of th e  so lu tion  can  a ffe c t polym eric floccu lation  
in  s e v e ra l  w ays. The d e stab iliza tio n  an d  re s tab iliz a tio n  of n eg a tiv e ly  

c h a rg e d  p a r tic le s  by  cation ic  po lym ers o ccu r p rim arily  by  c h a rg e  
n eu tra liz a tio n , in  p a r tic u la r , when th e  p a rtic le  c o n ce n tra tio n  is  low.

The d e stab iliz a tio n  is  p a r tly  c au se d  by  c h a rg e  n eu tra liz a tio n  d u e  to  

a d so rb e d  polym er an d  p a r tly  by  re d u c tio n  of e lec tr ic a l rep u ls io n  due  

to  th e  s a lt  e ffe c t. A re d u c tio n  in  th e  e ffe c tiv e  ra n g e  of th e  e lec tr ic  
d oub le  la y e r  a lso  e n c o u ra g e s  th e  b r id g in g  of p a r tic le s  by  a d so rb ed  

polym er m olecules. In  th e  p re se n c e  of a  m oderate  am ount of in e r t  

e le c tro ly te , le s s  polym er is  n eed ed  to  b r in g  ab o u t floccu lation  and
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floccu lation  o c c u rs  o v e r a  b ro a d e r  ra n g e  of polym er c o n ce n tra tio n s .
An in c re a se  in  ionic s t r e n g th  re d u c e s  th e  rep u ls io n  betw een  c h a rg e d  
seg m en ts  of th e  polym er chain  ( th e  polym er chain  a d o p ts  a  more 

com pact com form ation) a s  well a s  re d u c in g  th e  ra n g e  of in te r -p a r t ic le  

re p u ls io n . T hese e ffe c ts  may a ffe c t th e  polym er a d so rp tio n  and  

floccu lation  e ffic ien cy / lead in g  to  an  optimum ionic s t r e n g th  a t  which 

th e  u se  of p o ly e le c tro ly te s  is  most e ffec tiv e . This a sp e c t is  d iscu ssed  
in  more d e ta il in  Section 4.1.5

F ig u re s  4.8.-4.13. show th e  floccu lation  c u rv e s  fo r  th e  same 

polym er dose a t  a ra n g e  of s a l t  c o n c e n tra tio n s  from  deion ized  w ater to  

500 mM NaCl. In  o rd e r  to  h ig h lig h t th e  sa lie n t f e a tu re s  of th e  e ffe c t 

of ion ic s t r e n g th /  floccu lation  c u rv e s  a t  d if f e re n t d o sag es  a re  

p re s e n te d  fo r d if f e re n t po lym ers. The com bined e ffe c ts  of ionic 
s t r e n g th  an d  polym er d o sage  on floccu lation  is  d isc u sse d  in  Section 

4.1.5.. The re sp o n se  of polym er to w a rd s  th e  e ffe c t of ionic s t r e n g th  

of th e  so lu tion  d e p en d s  on th e  c h a ra c te r is t ic s  of th e  polym er. The 

t r e n d  o b se rv e d  fo r  th e  fu lly  q u a te rn ise d  acry lam ide/d im ethy lam inoethy l 
a c ry la te  copolym ers s tu d ie d  a t  th e i r  re sp e c tiv e  polym er do ses  a re  

sim ilar/ th e  ad d itio n  of an  e le c tro ly te  a t  th e  g iven  c o n ce n tra tio n s  
in c re a se s  floccu lation . The o p p o site  t r e n d  was o b se rv e d  fo r 
P erco l 1697. L a te r, i t  was fo u n d  th a t  floccu lation  w ith Percol 1697 
p ro ceed ed  f a s te r  in  s a l t - f r e e  su sp e n s io n s  th a n  in  th e  p re se n c e  of 
ad d ed  e le c tro ly te  a t  th e  g iv en  c o n c e n tra tio n s  (see  Section 4.1.5. and  

F ig u re s  4.23.). Perco l 1597, a  polym er of th e  sam e c h a rg e  d e n s ity  as  

P erco l 1697, show s l i t t le  re sp o n se  to  ad d ed  s a lt  a t  th e  co n ce n tra tio n s  
s tu d ie d . The rea so n  fo r  th is  d isc rep a n c y  h as  n o t been  e s ta b lish e d .
The chem ical n a tu re  of th e  polym er is  th e  most like ly  cau se . The 

r e s u l ts  fo r  P erco l 140 is  d e sc r ib e d  below.

F ig u re  4.8. show s th a t  th e r e  is  no floccu lation  a t  a dosage  of 
25 mg / l  in  a  s a l t - f r e e  so lu tion . However, s ig n if ic a n t floccu lation  

o c c u rs  when s a l t  is  p re s e n t .  The am ount of a d so rb e d  polym er 

re q u ire d  to  d e s tab iliz e  th e  p a r tic le s  is  le s s  in  th e  p re se n c e  of ad d ed  
sa lt . The re s u l ts  a lso  show th a t  th e  lag  p e riod  is  re d u c ed  a s  th e  

ionic s t r e n g th  is  in c re a se d . As th e  p a r tic le s  a re  p a r tly  n e u tra liz ed  

by th e  e ffe c t of ad d ed  sa lt , th e  o n se t of floccu lation  ta k e s  p lace  more
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ra p id ly  fo r  a  g iv en  d o sag e  a t  a  h ig h e r  s a l t  c o n ce n tra tio n  a s  show n by  

th e  re d u c e d  lag  tim e. F locculation  b e g in s  a t  a  s ig n if ic a n t r a te  a f te r  a  

lag  of ab o u t 4 min a t  100 mM NaCl. The lag  tim e is  re d u c e d  to  a b o u t 
2 min a t  h ig h e r  s a l t  c o n c e n tra tio n s  (300 mM NaCl an d  500 mM NaCl).
The r a te s  of floccu lation  fo r  th e  tw o h ig h e r  s a l t  c o n c e n tra tio n s  a re  

com parable  to  th e  maximum ra te  ach iev ed  a t  100 mM NaCl. Once 

com plete d e stab iliza tio n  is  ach iev ed , th e  r a te  of floccu la tion , be ing  

t r a n s p o r t  lim ited , c a n n o t be  f u r th e r  in c re a se d . H ence, th e  floccu lation  

r a te s  a r e  a b o u t th e  sam e a t  h ig h  s a l t  c o n ce n tra tio n s . The h ig h e s t 
va lue  of T u rb id ity  F lu c tu a tio n  re a c h e d , a t  th e  en d  of a  15 m inutes 
floccu lation  tim e, a t  500 mM NaCl is  le s s  th a n  th a t  a t  300 mM NaCl.

This o b se rv a tio n  seem s to  s u g g e s t  th a t  300 mM NaCl may be th e  

optimum ionic s t r e n g th  fo r  th e  co n d itio n s  sp ec ified .

F ig u re  4.14. show s th e  e ffe c t of ionic s t r e n g th  when th e  polym er 

d o sag e  is  h ig h , (500 i ig / i )  -  P erco l 140. The lag  p e rio d  is  n o t 
o b se rv e d  in  th e  a b sen ce  of a d d ed  s a lt . The d estab iliz a tio n  of th e  
p a r tic le s  d u e  to  a d so rb e d  polym er is  ra p id  when th e  polym er d o sage  is  

h ig h . The in itia l floccu la tion  r a te s  (2 m inutes a f te r  polym er ad d itio n ) 
a re  ro u g h ly  th e  sam e fo r  th e  ra n g e  of s a l t  c o n c e n tra tio n s  s tu d ie d . I t  

is  n o tew o rth y  th a t  d u r in g  th e  in itia l 6 m inutes floccu lation  tim e, th e  
v a lu es  of T u rb id ity  F lu c tu a tio n  fo r  th e  s a l t - f r e e  su sp e n s io n  is  h ig h e r 
th a n  th o se  su sp e n s io n s  w ith a d d ed  s a lt . Six m inutes a f te r  polym er 

a d d itio n , th e  T u rb id ity  F lu c tu a tio n  fo r  th e  s a l t - f r e e  su sp e n s io n  a re  
com parable  to  th e  300 mM NaCl b u t  th e y  a re  low er th a n  th o se  of th e  
100 mM NaCl an d  h ig h e r  th a n  th o se  of th e  500 Mm NaCl. T hese re s u l ts  

show th a t  100 mM NaCl is  th e  optim um  ionic s t r e n g th  fo r  th e  

experim en tal co n d itio n s . In  fa c t , th e  le v e lin g -o ff  of th e  floccu lation  
r a te  took  p lace  so o n er fo r  th e  h ig h e r  s a l t  c o n ce n tra tio n . The h ig h e s t 

T u rb id ity  F lu c tu a tio n  was ach iev ed  in  100 mM NaCl a t  th e  en d  of th e  

floccu lation  tim e. The r e s u l ts  show th a t  fo r  th e  sam e polym er dosage , 

in  p a r t ic u la r  when th e  d o sage  is  h ig h , re s tab iliz a tio n  of p a r tic le s  is  

p o ssib le  a t  h ig h  s a l t  co n ce n tra tio n . F or th e  sam e d e g re e  of 

d estab iliz a tio n , th e  am ount of a d so rb e d  polym er n eed ed  is  p ro b ab ly  le ss  

a t  a  h ig h e r  ion ic  s t r e n g th  so lu tion .
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The ionic s t r e n g th  e ffe c ts  d ep en d  on th e  c h a ra c te r is t ic s  of th e  

polym er. The c h a rg e  d e n s ity  of th e  polym er is  an  im p o rtan t 

p a ram e te r a s  th e  d e s tab iliza tio n  is  e sse n tia lly  d u e  to  c h a rg e  

n eu tra liz a tio n . The floccu lation  c u rv e s  fo r  Percol 63 a t  a  dosag e  of

12.5 n g / i  a re  show n in  F ig u re  4.11.. T h e re  is  a  co n sid e rab le  d e g re e  
of floccu la tion  a t  th is  d o sag e  in  s a l t - f r e e  so lu tion . On th e  o th e r  

h an d , th e re  is  no floccu la tion  fo r  P erco l 140 a t  a  d o sag e  tw ice a s  much 
(see  F ig u re  4.8.). The r e s u l ts  a re  d if fe re n t b ecau se  of th e  d iffe ren c e  

in  c h a rg e  d e n s ity  of th e  tw o po lym ers. The in te ra c tio n  betw een 

o p p o site ly  c h a rg e d  p a r tic le s  an d  polym er is  ex p ec ted  to  be  h ig h e r  fo r  

th e  polym er o f h ig h e r  c h a rg e  d e n s ity . T his will r e s u l t  in  a  more 

e ffe c tiv e  p a rtic le  d e s tab iliza tio n . The e ffe c ts  of c h a rg e  d e n s ity  is  
d isc u sse d  in  more d e ta ils  in  Section  4.1.3. The e ffe c ts  of ionic 

s t r e n g th  on floccu lation  in  u s in g  polym er of d if f e re n t c h a rg e  d e n s ity  is  

co n s id e re d  below.
The re d u c e d  lag  tim e in  th e  p re se n c e  of in o rg a n ic  e le c tro ly te  

o b se rv e d  w ith P erco l 140 is  a lso  fo u n d  w ith P erco l 63. In  th e  case  of 
P erco l 140, th e  lag  tim e co n tin u e s  to  re d u c e  with each  in c re a se  in  ionic 
s t r e n g th .  W hereas w ith Perco l 63, th e  re d u c tio n  in  th e  lag  tim e 

o b se rv e d  in  th e  p re se n c e  of sodium  ch lo rid e  is  in d e p e n d e n t of th e  

ionic s t r e n g th  in  th e  c o n ce n tra tio n  ra n g e  s tu d ie d . T h a t is  th e  
floccu lation  r a te s  sure a b o u t th e  sam e fo r  all th e  s a l t  so lu tio n s  d u rin g  

th e  f i r s t  fiv e  m inutes. P rev io u s ly , i t  h a s  b een  m entioned th a t  

floccu lation  r a te  c an n o t b e  f u r th e r  in c re a se d  once com plete 

d e s tab iliza tio n  is  ach iev ed . The o b se rv a tio n  w ith P erco l 63 a t
12.5 \Lg/1 s u g g e s ts  t h a t  p a r tic le s  a re  su ffic ie n tly  d estab iliz ed  in  0.1 mM 

NaCI a n d  th e re fo re  f u r th e r  in c re a se  in  ionic  s t r e n g th  h a s  no e ffe c t on 
th e  in itia l floccu lation  of th e  su sp e n s io n . F ig u re  4.11. also  re v e a ls  
th a t  th e  floccu lation  r a te s  fo r  d if f e re n t  ion ic  s t r e n g th s  beg in  to  

d if fe re n tia te  a f te r  7 m inu tes floccu la tion  tim e, th e  h ig h e r  ionic s t r e n g th  

show s a low er floccu la tion  ra te .  The va lue  of T u rb id ity  F lu c tu a tio n  a t  

th e  e n d  of th e  15 m inutes floccu la tion  tim e is  low est fo r  th e  h ig h e s t  

ionic s t r e n g th  so lu tion . I t  i s  in te re s t in g  to  n o te  th a t  th e  f a s te r  
floccu lation  r a te  an d  th e  h ig h e s t  va lue  of T u rb id ity  F lu c tu a tio n  a re  

ach iev ed  in  th e  s a l t - f r e e  cond ition , d e sp ite  th e  lo n g e r in itia l lag  tim e.
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T hese  r e s u l ts  d em o n stra te  th a t  th e  polym er ap p lica tion  r a te  a s  well as  

th e  c h a ra c te r is t ic s  of th e  polym er u se d  d e term in e  th e  optimum ionic 

s t r e n g th .

4.1.3. E ffec t of c h a rg e  d e n s ity

In  d ilu te  su sp e n s io n , p a r tic le s  may u n d e rg o  s e v e ra l co llisions with 

o th e r  p a r tic le s  b e fo re  a c q u ir in g  s u ff ic ie n t am ount of a d so rb e d  polym er 

to  be  ab le  to  form  s ta b le  a g g re g a te s . With in c re a s in g  c h a rg e  d e n s ity , 
le s s  polym er is  re q u ire d  to  n e u tra liz e  th e  p a r tic le  c h a rg e . The 

a d so rp tio n  tim e n eed ed  to  ach ieve  a  c e r ta in  d e g re e  of d e stab iliza tio n  is  

le s s  fo r  a  polym er of h ig h e r  c h a rg e  d e n s ity . The floccu lation  c u rv e s  
o b ta in ed  w ith six  po lym ers a t  th e  sam e d o sag e  (5 0  i i g / O i n  s a l t - f r e e  

medium a re  show n in  F ig u re  4.15., to  com pare th e  e ffe c t of cation ic  

c h a rg e  d e n s ity  of th e  po lym ers. The polym er of th e  low est c h a rg e  
d e n s ity  (P erco l 140), 5%, g iv e s  alm ost no floccu lation . With in c re a s in g  

c h a rg e  d e n s ity  (up  to  30% c a tio n id ty ) ,  floccu lation  becom es more 

p ro n o u n ced  an d  th e  lag  tim e is  re d u c e d .
The d e g re e  of floccu lation  w ith P erco l 1597 an d  Percol 1697 (b o th  

100% c h a rg e d )  d u r in g  th e  in itia l six  m inu tes is  more s ig n if ic a n t th a n  
w ith P erco l 140 (5%), P erco l 326 (10%) an d  P erco l 292 (10%), b u t  n o t 
w ith P erco l 63 (30%). T h ere  is  v ir tu a lly  no "lag  tim e" with th e s e  two 
po lym ers. T his in d ic a te s  th e  d estab iliz a tio n  of th e  p a r tic le s  a re  ra p id  
an d  re in fo rc e s  th e  id ea  t h a t  th e  am ount of a d so rb e d  polym er molecules 

re q u ire d  to  d e s tab iliz e  th e  p a r tic le s  a re  le s s  fo r  a  polym er of h ig h e r 

c h a rg e  d e n s ity . At f i r s t  s ig h t, th e  r e s u l t  o b ta in ed  w ith Perco l 63 

seem s to  be  i r r e g u la r .  However, a  c a re fu l in sp ec tio n  of th e  d a ta  

re v e a ls  th e  floccu lation  of th e  su sp e n s io n , w ith Perco l 1597 an d  

P erco l 1697, i s  o v e rd o sed  a t  th e  g iv en  dosage . The v a lu es  of 

T u rb id ity  F lu c tu a tio n  h a s  rem ained  c o n s ta n t a f te r  8 m inu tes floccu lation  

tim e. However, i t  m ust be  p o in ted  o u t t h a t  th e  u se  of e ith e r  

P erco l 1597 o r  Perco l 1697 g en e ra lly  g iv e s  a  re la tiv e ly  poor d e g re e  of 

floccu la tion . T his know ledge comes to  l ig h t  when th e  h ig h e s t  v a lu es  
o f T u rb id ity  F lu c tu a tio n  re a c h e d  b y  d if fe re n t po lym ers, d u rin g  th e  

15 m inu tes floccu lation  tim e a re  exam ined. The h ig h e s t  T u rb id ity  
F lu c tu a tio n  re c o rd e d  by  P erco l 1597 an d  P erco l 1697 do n o t exceed
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2 T u rb id ity  F lu c tu a tio n  u n its  (TFu). The T u rb id ity  F lu c tu a tio n  u n it 

a re  re p o r te d  in  an  a r b i t r a r y  scale  w here th e  u n a g g re g a te d  su sp en sio n  
m easured  0.5 TFu. The h ig h e s t T u rb id ity  F lu c tu a tio n  re c o rd e d  by 

o th e r  polym ers a re  m ostly g re a te r  th a n  2.5 TFu. In  th e  case  of 

P ercol 63, i t  can  be as  h ig h  as 4 TFu. The em pirical floccu lation  
ra te s  of th e  Perco l 1597 and  Percol 1697 a re  also low er, see  

F ig u re  4.17. in  Section 4.1.5.. A com bination of fa c to rs , su ch  as  th e  

low m olecular m ass, h ig h  c h a rg e  d e n s ity  and  d if fe re n t chem ical n a tu re  
of th e  polym ers, can  c o n tr ib u te  to  th e  re la tiv e ly  low floccu lation  

a c tiv ity  of Percol 1597 and  Percol 1697.

As m entioned in  Section 2.3.3.C ., th e  ra te  of polym er m olecules 

re -co n fo rm atio n  on p a rtic le  su rfa c e  may be more ra p id  w ith a h ig h e r 

c h a rg e  d e n s ity  polym er. The a ttra c t io n  betw een  o p posite ly  ch a rg ed  

polym er and  p a rtic le s  may be s t ro n g e r  fo r  a  polym er of h ig h  c h a rg e  
d e n s ity  b ecau se  th e  num ber of c h a rg e s  p e r  polym er molecule will be 

h ig h e r . As a r e s u lt ,  th e  loops and  ta ils  of th e  f la tte n e d  ad so rb ed  
polym er m olecules become too s h o r t  to  b r id g e  th e  "g ap "  betw een 

co llid ing  p a rtic le s . I t  is  g en era lly  o b se rv e d  th a t  Perco l 63 is  a more 
e ffec tiv e  f lo ccu lan t th a n  Percol 1597 and  Percol 1697. The size  of 

Percol 63 is  co n s id e ra b ly  la rg e r  th a n  th o se  of Percol 1597 and  
Perco l 1697; th e  m olecular mass of Perco l 63 is  a b o u t one h u n d re d  

tim es h ig h e r . The e ffe c t of m olecular m ass on polym eric flocculation  
is  d iscu ssed  in  th e  n ex t sec tio n . A nother co n sid e ra tio n  is  th e  e ffe c t 
of th e  size  of th e  a d so rb ed  polym er p a tch e s  on th e  a ttra c t io n  betw een 
collid ing p a rtic le s . The im p o rtan t fe a tu re  of th e  "E le c tro s ta tic  p a tch "  

floccu lation  m echanism  is  th a t  i t  is  n o t p o ssib le  to  p h y sica lly  n e u tra liz e  
each  of th e  s u rfa c e  c h a rg e s  in d iv id u a lly  by  th e  ad so rb ed  polym er 

m olecules, ev en  u n d e r  co n d itio n s  of o v e ra ll n e u tra li ty  of th e  p a rtic le s . 

The ex cess  p o s itiv e  c h a rg e  re su lt in g  from  th e  a d so rp tio n  of cationic  

polym er on n eg a tiv e ly  c h a rg e d  p a rtic le s  is  more s ig n if ic a n t with th e  

h ig h e r  c h a rg e  d e n s ity  polym ers. The e le c tro s ta tic  a ttra c t io n  betw een 

p o sitiv e  and  n eg a tiv e  su rfa c e  re g io n s  on d if fe re n t p a rtic le s  becomes 
s tro n g ly  d e p e n d e n t on th e  o rien ta tio n  of th e  collid ing p a rtic le s . The 

p o ssib ility  of th e  co llid ing  p a r tic le s  to  re p e l each  o th e r  becau se  of th e  
excess p o sitiv e  c h a rg e  of th e  ad so rb ed  polym er is  h ig h e r  with a h ig h e r
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c h a rg e  d e n s ity  polym er. Very lit t le  can  be sa id  a b o u t th e  e ffe c t of 
th e  chem ical n a tu re  of th e  polym er on polym eric floccu lation . The 
e ffe c t can  be sp ec ific  to  th e  n a tu re  of th e  su sp e n d e d  p a rtic le , a s  well 

a s  b e in g  easily  in flu en ced  by  th e  chem ical com position of th e  so lu tion .
A lthough th e  d e g re e  of floccu lation  w ith Percol 140 and  Perco l 326 

is  n o t s ig n if ic a n t a t  th e  en d  of th e  15 m inu tes floccu lation  tim e, th e  

c u rv e s  in  F ig u re  4.15. show th a t  th e  floccu lation  is  ab o u t to  p ro g re s s . 

The lag  tim e fo r  Percol 140 an d  P erco l 326 is  re la tiv e ly  long , i t  is  c lea r 

from  F ig u re s  4.2. an d  4.3. t h a t  50 \ ig/ l  is  an  u n d e rd o se  fo r  th e se  

polym ers.

Perco l 326 and  Perco l 292 have  th e  sam e c h a rg e  d e n s ity  b u t  

Perco l 292 show s a s h o r te r  lag  tim e an d  a  h ig h e r  d e g re e  of 
floccu lation , see  F ig u re  4.17. The d isc rep a n c y  can  be  a t t r ib u te d  to  
th e i r  d if f e re n t m olecular s ize . The e ffe c t of m olecular m ass is  

d isc u sse d  in  Section 4.1.4..

4.1.4. E ffec t of m olecular mass

The m olecular m ass of a  polym er can  a ffe c t polym er ad so rp tio n  and  

p a rtic le  floccu lation  in  s e v e ra l w ays. In  g e n e ra l, th e  p o ly m er/p a rtic le  
collision ra te  is  h ig h e r  fo r  th e  sm aller polym er m olecules by  th e  

p e rik in e tic  collision m echanism , a s  in d ic a ted  by E quation  (2.19). On 
th e  o th e r  h an d , th e  r a te  is  h ig h e r  fo r  th e  la rg e r  polym er m olecules by 

th e  o r th o k in e tic  collision m echanism , a s  show n by  E quation  (2.22).

The s ize  of th e  polym er can  also  a ffe c t th e  r a te  of su c c e ss fu l p a r tic le  
co llisions. I t  is  conce ivab le  t h a t  th e  le n g th  of th e  loops and  ta ils  of 

a d so rb e d  polym er m olecules may be lo n g e r fo r  th e  la rg e r  m olecules and  
th is  will en h an ce  th e  c a p tu re  of p a r tic le s . The form ation  of more 

loops of a d eq u a te  le n g th  to  b r id g e  th e  "g a p "  betw een  collid ing 

p a r tic le s  may also  lead  to  a  s tro n g e r  b r id g in g  e ffe c t betw een  

a g g re g a tin g  p a r tic le s  a s  d isc u sse d  in  Section 2.3.3.C .. The le n g th  of 
th e  loops and  ta ils  a re  p a r tic u la r ly  im p o rtan t in  th e  floccu lation  of 
su sp e n d e d  p a r tic le s  in  low ionic s t r e n g th  so lu tion  w here th e  ra n g e  of 

e le c tr ic  double  la y e r  can  be  co n s id e rab le  ( ty p ica lly , th e  c lo se s t 

d is ta n ce  of s e p a ra tio n  betw een  tw o collid ing  p a r tic le s  i s  of th e  o rd e r  of 

60 nm in  0.1 mM NaCl). A no ther c o n sid e ra tio n  is  th e  s ize  of th e
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a d so rb e d  polym er p a tc h e s . The p a tc h e s  a re  la rg e r  fo r  th e  polym er of 
h ig h e r  m olecular m ass, g iv in g  a  more "p a tc h y "  ad so rp tio n . As a 

r e s u l t ,  th e  e le c tro s ta tic  a ttra c t io n  betw een  p o s itiv e  an d  n e g a tiv e  

s u rfa c e  re g io n s  on d if f e r e n t  p a r tic le s  i s  s t ro n g e r .  The work of 

T rew eek an d  M organ (1977) seem s to  s u p p o r t  th is  view.

Graham (1981) h as  a lso  po in ted  o u t t h a t  in c re a s in g  th e  m olecular mass 

of a  polym er of a  g iven  c h a rg e  d e n s ity  would in c re a se  th e  u n e v en e ss  

of th e  su rfa c e  c h a rg e  d is tr ib u tio n  which would g ive r is e  to  a g re a te r  
" e le c tro s ta tic  p a tch "  a ttra c t io n  an d  th e  n um ber of polym er loops of 

a d eq u a te  le n g th  to  allow in te r  p a r tic le  b r id g in g .
The e ffe c t of m olecular m ass h a s  b een  s tu d ie d  u s in g  tw o polym ers, 

P erco l 326 an d  Percol 292, which d if fe r  in  m olecular m ass by  a  fa c to r  

of a b o u t six b u t  have  th e  same c h a rg e  d e n s ity . The re s u l ts  

p re s e n te d  in  F ig u re  4.16. show th a t  P erco l 292 is  th e  more e ffec tiv e  
flo ccu lan t, g iv in g  a s h o r te r  lag  tim e an d  a more ra p id  floccu lation .

L ess num ber of a d so rb e d  polym er m olecules is  n eeded  to  in itia te  

floccu la tion , P e ls se rs  e t  al (1990). The s ize s  of P erco l 326 an d  Percol 
292 of 0.5 M NaCI a re  60 nm an d  110 nm re sp e c tiv e ly  (Table 3.1. in  

Section 3.1.3.). A lthough, th e  polym er m olecules in  s a l t - f r e e  w ater a re  
ex p ec ted  to  a d o p t a more ex ten d ed  conform ation  and  be la rg e r  th a n  th e  
v a lu es  q u o ted  in  Table 3.1.. N ev erth e le ss , P erco l 292 would s ti l l  be 
la rg e r  in  size  th a n  P erco l 326. The s h o r te r  lag  tim e fo r  Perco l 292 

in d ic a te s  th e  polym er ad so rp tio n  ra te  is  f a s te r  th a n  th a t  fo r  

Perco l 326. C onsidering  th e  ex p erim en ts  w ere c a r r ie d  o u t u n d e r  th e  

s t i r r in g  co n d itio n s  w here th e  o rth o k in e tic  collision m echanism  is  
p redom inan t, th e  la rg e r  polym er (P erco l 292) a re  ex p ec ted  to  a d so rb  
f a s te r .  The r e s u l ts  a lso  show th a t  P erco l 292 g ive  a  more ra p id  

floccu lation . The la rg e r  m olecular s ize  polym er is  ab le  to  b r in g  ab o u t 

a  g re a te r  b r id g in g  e ffe c t o r a s t ro n g e r  e le c tro s ta tic  a ttra c t io n . I t  

was fo u n d  th a t  th e  same optim al dose  was estim ated  fo r  th e s e  two 

po lym ers (see  F ig u re  4.17. an d  Table 4.1. in  th e  following sec tio n ). 
H owever, Perco l 292 g iv e  a  b e t te r  floccu la tion  ra te . I t  h a s  to  be 

p o in ted  o u t t h a t  th e  t r u e  optim al d o ses  of th e  g iven  polym ers may n o t 

be th e  same a s  th o se  estim ated  in  Table 4.1.. R elatives floccu lation  

r a te s  w ere estim ated  fo r  s e v e ra l d o sag es . The a c tu a l optim al dose
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may o ccu r a t  a  dosage  som ew here betw een  th e  experim en tal p o in ts  
show n. A more a c c u ra te  estim ate  made on a  new s e t  of su sp e n s io n  

d o sed  with a  n a rro w e r ra n g e  of polym er c o n ce n tra tio n s  co v erin g  th e  

ro u g h  estim ate  d e te rm in ed  p re v io u s ly  may be ab le  to  d if fe re n tia te  th e  
optim al dose fo r  th e  tw o polym ers.

4.1.5. Em pirical floccu lation  ra te s

The value  of T u rb id ity  F lu c tu a tio n  alw ays in c re a se s  a s  th e  

a g g re g a tio n  of a  su sp e n s io n  p ro c e ed s . The ra te  of in c re a se  in  

T u rb id ity  F lu c tu a tio n  can  be c o n sid e re d  to  c o rre sp o n d  to  an  em pirical 

r a te  of floccu lation . Hence, an  em pirica l floccu lation  r a te  can  be 

o b ta in ed  from  a floccu lation  c u rv e  su c h  a s  th e  one d ep ic ted  in  

F ig u re  4.1., by  de te rm in in g  th e  g ra d ie n t  of th e  s te e p e s t  p a r t  of th e  

c u rv e . As m entioned in  Section 2.5.4. t h a t  th e  v a lu es  of T u rb id ity  

F lu c tu a tio n  d ep en d  on th e  s e t t in g s  of th e  in s tru m e n t. T h e re fo re , th e  

u n its  of th e  em pirical floccu lation  ra te s ,  in  u n its  of T u rb id ity  
F lu c tu a tio n /m in , a re  a r b i t r a r y  d e fin ed . However, i t  is  a d eq u a te  fo r 
th e  p u rp o se  of com paring  re la tiv e  floccu la tion  ab ility  of each  polym er 

u n d e r  g iven  co n d itio n s . F ig u re  4.17. show s th e  floccu lation  r a te s  fo r  
po lym ers te s te d  in  s a l t - f r e e  medium o v e r a  ra n g e  of c o n ce n tra tio n s .

As d isc u sse d  in  Section 4.1.1., i t  is  d iff icu lt to  define  th e  o p era tio n a l 

optimum d o sage  unam biguously , s in ce  i t  is  c losely  re la te d  to  th e  
sp ec ific  o p e ra tin g  co n d itio n s  of th e  p ro c e ss . The dosag e  g iv in g  th e  
maximum floccu lation  r a te  is  r e g a rd e d  a s  th e  optimum dosage in  th e  

p re s e n t  d iscu ss io n . The optimum floccu lation  d o sag es  estim ated  fo r  

s a l t - f r e e  medium a re  g iv en  in  Table 4.1.

The r e s u l ts  p re s e n te d  in  T ab les 4.1. in d ic a te  a  s tro n g  in v e rs e  
co rre la tio n  betw een  th e  optimum dosag e  an d  th e  c h a rg e  d e n s ity . The 
h ig h e r  c h a rg e  d e n s ity  polym er c o rre sp o n d s  to  a  low er optimum dosage. 

H ow ever, Table 4.1. also  show s th a t  th e  am ount of cation ic  c h a rg e s  

a d d ed  a t  th e  optimum d o sag es  a re  com parab le  fo r  all po lym ers te s te d . 

The predom inance  of c h a rg e  e ffe c t is  re in fo rc e d  by th e  e lec tro p h o re tic  

m obility d a ta  show n in  Section 4.2.
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Flocculation  is  fo u n d  to  o ccu r o v e r  a  na rro w  ra n g e  of polym er 
c o n ce n tra tio n s , in  ag reem en t w ith th e  p re v io u s  f in d in g s  th a t  th e  ra n g e  

of polym er d o sag es  to  b r in g  ab o u t floccu la tion  is  c r itic a l (Black and  

V ilaret, 1969). They e s ta b lish e d  th a t  optimum d o sag es  re q u ire d  w ere 
p ro p o rtio n a l to  th e  s u r fa c e  a re a s  of th e  p a r tic le s  in  th e  sy stem s. 

G regory  (1973) h a s  show n th a t  th e  ra n g e  of polym er d o sag es  was 

d e p e n d e n t on th e  c h a ra c te r is t ic s  of th e  polym er. The ra n g e  becam e 

s lig h tly  b ro a d e r  with in c re a s in g  m olecular m ass fo r  a  fixed ionic 

s t r e n g th .  In  th e  p re s e n t  w ork, th e  ra n g e  of polym er d o sag es  g iv ing  

r is e  to  floccu lation  in  s a l t - f r e e  medium is  fo u n d  to  be  d e p e n d e n t on 

th e  cation ic  c h a rg e  d e n s ity  of th e  polym er. The optimum d o sag es  of 
each  polym er c a r ry  approx im ately  th e  sam e am ount of cation ic  ch a rg e . 
The re s u l ts  in d ic a te  th e  im p o rtan ce  of c h a rg e  n e u tra liz a tio n  in  th e  

floccu lation  of th e  su sp e n s io n .

Table 4.1. Optimum floccu lation  d o sag e

1 Optimum floccu lation  dosage

Polym er
1 ap p lica tion  ra te  |  HOr / l

p o sitiv e  c h a rg e  ad d ed  
\ i eq/1

P140 I 200 0.13

P326 I 100 0.18

P292 1 ioo 0.18

P63 I 50 0.15

P1597 |  30 0.22

P1697 I 35 0.22

The ra n g e  of e le c tr ic a l re p u ls io n  is  ex ten s iv e  in  a  s a l t - f r e e  

medium. A s l ig h t  ex cess  of p o s itiv e  o r  n e g a tiv e  c h a rg e  is  su ff ic ie n t 

to  ga in  s ta b ility . Hence, floccu lation  o c c u rs  o v e r a  v e ry  n arrow  ra n g e  

of polym er c o n c e n tra tio n s . When in e r t  e le c tro ly te  is  ad d ed , th e  ra n g e  

of e lec tr ic a l rep u ls io n  is  re d u c e d  th ro u g h  th e  sc re e n in g  e ffe c t of 
c o u n te r  ions. A ccording to  E quation  2.8. a o«eici|>0, an  in c re a se  in  ionic 
s t r e n g th  e i th e r  in c re a s e s  th e  s u r fa c e  c h a rg e  d e n s ity , o r d e c re a se s  th e
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su rfa c e  p o ten tia l, o r  b o th . In  th e  p re se n c e  of ad d ed  sa lt , e i th e r  le s s  
polym er is  n eed ed  to  n e u tra lis e  th e  s u r fa c e  c h a rg e  of p a rtic le s , o r 

more polym er loops an d  ta ils  become "ac tiv e "  in  b r id g in g  in te ra c t in g  

p a r tic le s , o r bo th . P a rtic le s  may flo ccu la te  a t  low er polym er d o sag es  
in  s a l t  so lu tio n s . Sim ilarly, th e  ex cess  p o s itiv e  c h a rg e  of th e  

a d so rb e d  cation ic  polym er is  s c re e n e d  by  th e  c o u n te r  io n s  to  th e  

polym er. P a rtic le s  a re  n o t re s ta b il iz e d  u n til  a  co n sid e rab le  ex cess  of 

polym er h a s  been  a d so rb e d . C o n seq u en tly , th e  b re a d th  of th e  

floccu lation  reg io n  may be in c re a se d  b ecau se  of th e  sc re e n in g  e ffe c t of 
th e  ad d ed  e le c tro ly te s .

F ig u re s  4.18.-4.23. show th e  floccu lation  r a te s  in  s a l t - f r e e  medium, 

100 mMol NaCI an d  300 mMol NaCI. The ra n g e  of polym er dosage  to  

b r in g  ab o u t floccu lation  is  le s s  c r itic a l in  s a l t  so lu tio n s . The 
re d u c tio n  in  floccu lation  r a te s  a t  d o sag es  s lig h tly  above o r s lig h tly  

below th e  optimum d o sag e  is  q u ite  n o ticeab le  in  s a l t - f r e e  medium b u t i t  

is  le s s  p ro m in en t in  s a l t  so lu tio n s . None of th e  floccu lation  r a te s  in  

s a lt  so lu tio n s  is  h ig h e r  th a n  th e  maximum floccu lation  ra te  in  s a l t - f r e e  

medium, ex cep t th e  maximum floccu lation  r a te s  fo r  P erco l 292 which a re  
ro u g h ly  th e  sam e in  b o th  s a l t - f r e e  medium an d  100 mMol NaCI. The 
re a so n s  fo r  th e  o b se rv a tio n  th a t  th e  h ig h e s t  floccu lation  ra te  alw ays 
o c c u rs  in  s a l t - f r e e  medium h av e  n o t b een  e s ta b lish e d . The p re se n c e  
of s a l t  can  a f fe c t  th e  conform ation  of polym er m olecules (b o th  a s  f re e  
polym er in  so lu tion  o r a s  a d so rb e d  polym er a t  p a r tic le  su rfa c e ) , and  

th e  a d so rp tio n  of polym er. P ash ley  an d  Is ra e la c h v ili (1984) have  
show n th a t  th e r e  is  a s h o r t  ra n g e  re p u ls io n , due  to  a d so rb e d  ca tio n s  
a t  s a l t  c o n c e n tra tio n s  above ab o u t 1 mMol. The ad so rp tio n  of polym er 

in e v ita b ly  in v o lv es  th e  d e so rp tio n  of a d so rb e d  c o u n te r  io n s  (sodium  

io n s fo r  th e  n eg a tiv e ly  c h a rg e d  p a r tic le s  an d  ch lo rid e  io n s  fo r  th e  

cation ic  polym er). The need  to  d isp lace  th e s e  weakly a d so rb e d  ions 

fo r a g g re g a tio n  to  ta k e  p lace may be re sp o n s ib le  fo r  th e  low ering  of 
floccu lation  r a te s  in  s a l t  so lu tio n s  a t  th e  dosage  which c o rre sp o n d s  to  

th e  optimum dosage  in  th e  s a l t - f r e e  so lu tion . The in flu en ce  of th e  

s a lt  e ffe c ts  on floccu lation  r a te s  rem ains to  be  e lu c id a ted .
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Figure 4.18. Flocculation rates at different
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For Perco l 1697, th e  floccu lation  r a te s  ach iev ed  in  s a l t - f r e e  medium 
a re  h ig h e r  th a n  th e  c o rre sp o n d in g  floccu la tion  r a te s  ach iev ed  in  s a l t  

so lu tio n s  fo r  th e  com plete ra n g e  of polym er do ses . No re a so n  h as  

b een  fo u n d  to  exp lain  th e  low ering  of floccu lation  r a te s  in  s a l t  
so lu tio n s  fo r  th is  polym er. The a d so rp tio n  of polym er an d  th e  

a g g re g a tio n  of p a r tic le s  may be  a ffe c ted  by  th e  s c re e n in g  e ffe c t of 

in e r t  e le c tro ly te s  in  many w ays. The re p u ls io n  betw een  c h a rg e d  

seg m en ts  o f th e  polym er is  re d u c e d  in  th e  p re se n c e  of e le c tro ly te  and  

th i s  en ab le s  d if fe re n t seg m en ts  to  come c lo se r  to  one a n o th e r . 

C o n seq u en tly , th e  collision d iam eter of polym er m olecules becom es 

sm aller. The re d u c tio n  in  p a r tic le  s ize  may lead  to  a  re d u c e d  polym er 
a d so rp tio n  ra te ,  d ep en d in g  on th e  collision m echanism s. In  p ra c tic e  

w here  m oderate  s h e a r  r a te s  a re  ap p lied , o rth o k in e tic  collision will be 

dom inant an d  polym er a d so rp tio n  will be  slow er fo r  th e  sm aller 
po lym ers. The r a te  of polym er re -co n fo rm atio n  will be  more 

s ig n if ic a n t th a n  th e  r a te  of polym er a d so rp tio n , e sp ec ia lly  fo r  polym ers 
of low m olecular m ass an d  h ig h  c h a rg e  d e n s ity . For th e s e  po lym ers, 
th e  loops an d  ta ils  may become too  s h o r t  to  b r id g e  th e  "g ap "  

s e p a ra tin g  th e  p a r tic le s , d e sp ite  th e  ra n g e  of e le c tr ic a l rep u ls io n  in  

s a l t  so lu tio n s  can  be  c o n sid e ra b ly  low er th a n  in  s a l t - f r e e  so lu tio n s .

In  ad d itio n , th e  s c re e n in g  e ffe c t of in e r t  e le c tro ly te  may weaken th e  

e le c tro s ta tic  a t tra c t io n  betw een  o p p o s ite ly -c h a rg e d  p a tc h e s  of d if f e re n t 
p a r tic le s . F inally , th e  a d so rp tio n  of polym er an d  th e  a g g re g a tio n  of 
p a r tic le s  may in v o lv e  th e  d e so rp tio n  of th e  w eakly a d so rb e d  
c o u n te r - io n s  (ca tio n s  fo r  th e  n eg a tiv e ly  c h a rg e d  p a r tic le s  an d  anion  
fo r  th e  ca tion ic  polym er). The e x te n t of th e  d isp lacem en t of a d so rb ed  
c o u n te r - io n s  d e p e n d s  on th e  c h a ra c te r is t ic s  o f th e  polym er an d  of th e  

p a r tic le s , su c h  as  how s tro n g ly  a re  th e  re s p e c tiv e  c o u n te r - io n s  
a d so rb e d  a n d  th e  d e g re e  of th e  p o ly m e r/p a rtic le s  in te ra c tio n . I t  is  

p o ssib le  th a t  th e  c o u n te r - io n s  to  Percol 1697 in te ra c t  v e ry  s tro n g ly  

w ith th e  polym er. T h e re fo re , th e  ad so rp tio n  of th e  polym er is  

r e s t r ic te d  an d  th e  a g g re g a tio n  of th e  p a r tic le s  is  h in d e re d .

H owever, d estab iliz a tio n  of p a r tic le s  d u e  to  sc ree n in g  of c h a rg e  

can  en h an ce  floccu lation  r a te s  fo r  low c h a rg e  d e n s ity  polym er. For 
low c h a rg e  d e n s ity  polym er, su c h  a s  P erco l 140, h ig h e r  floccu lation
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r a te s  a re  ach iev ed  in  s a l t  so lu tio n s  a t  d o sag es  which c o rre sp o n d  to  
e i th e r  suboptim al d o sag es  o r  o v e r-d o se d  co n d itio n s  in  s a l t - f r e e  

so lu tio n s  (See F ig u re  4.18). W hereas fo r  po lym ers of h ig h e r  c h a rg e  
d e n s ity / h ig h e r  floccu lation  ra te s  a r e  a ch iev ed  in  s a l t  so lu tio n s  only  a t  
d o sag es  w hich c o rre sp o n d  to  o v e r-d o se d  co n d itio n s  in  s a l t - f r e e  
so lu tio n s  b u t  n o t a t  d o sag es  which c o rre sp o n d  to  th e  suboptim al 

d o sag es  in  s a l t - f r e e  medium.

At low polym er d o sag es , p a r tic le s  a r e  p a r tly  d e stab iliz ed  b y  th e  

a d d ed  s a lt  a n d  p a r tly  b y  th e  a d so rb e d  polym er. I t  is , th e re fo re , n o t 
s u rp r is in g  to  o b se rv e  th e  en h an ced  floccu lation  r a te s  fo r  P erco l 140 in  

s a l t  so lu tio n s . The low c h a rg e  d e n s ity  polym er may re q u ire d  a lo n g e r 

polym er a d so rp tio n  tim e to  a c q u ire  su ff ic ie n t polym er to  d e stab iliz e  th e  

p a r tic le s . The a d so rb e d  polym er m olecules a re  like ly  to  a d o p t a 

r a th e r  " f la tte n e d "  conform ation . The f la tte n e d  polym er m olecules may 

n o t be  ab le  to  b r id g e  th e  "g ap "  s e p a ra tin g  th e  p a r tic le s , e sp ec ia lly , in  
s a l t - f r e e  medium w here th e  ra n g e  of re p u ls iv e  fo rc e s  is  h ig h . The 
ex cess  p o s itiv e  c h a rg e  of a  low c h a rg e  d e n s ity  polym er is  ex p ec ted  to  
be le s s  s ig n if ic a n t th a n  th a t  of a  h ig h  c h a rg e  d e n s ity  polym er. As a 

re s u l t ,  th e  e le c tro s ta tic  a t tra c t io n  betw een  o p p osite ly  c h a rg e d  p a tch e s  
of d if f e re n t  p a r tic le s  sure w eaker fo r  a  low c h a rg e  d e n s ity  polym er. 

E ven th o u g h  th e  polym er may a d o p t a  more coiled conform ation  in  th e  
s a l t  so lu tion  ( th e  e ffe c t may be  neg lig ib le  fo r  a  low c h a rg e  d e n s ity  
po lym er), th e  ra n g e  of rep u ls io n  fo rc e s  is  re d u c e d  an d  th e  am ount of 

polym er re q u ire d  to  b r in g  a b o u t floccu la tion  is  re d u c ed . The n e t 

e f fe c t  is  an  en h an ced  floccu lation  r a te s  in  s a l t  so lu tio n s . The 

em pirica l r a te s  fo r  P erco l 140 a t  a  do sag e  of 25 i i p / l i n  s a l t  so lu tio n s  

a re  a b o u t 0.5 an d  th e  sam e d o sag e  in  s a l t - f r e e  so lu tion  is  zero . 
A lthough , h ig h  c h a rg e  d e n s ity  polym er may be  ex p ec ted  to  " f la tte n "  

more q u ick ly , le s s  nu m b er of polym er m olecules is  re q u ire d  to  b r in g  

a b o u t floccu lation . P a rtic le s  may a c q u ire  en o u g h  polym er fo r  

floccu lation  to  p ro ceed  b e fo re  th e  loops an d  ta ils  of th e  polym er 

becom e too  s h o r t  to  form  b r id g e s . The more u n ev en  d is tr ib u tio n  of 

n e g a tiv e  and  p o s itiv e  c h a rg e s  on th e  p a rtic le  s u rfa c e  is  th e  s t ro n g e r  
th e  a t tra c t io n  a t  a  low er polym er co v erag e . I t  h a s  to  be  p o in ted  o u t 

t h a t  th e s e  em pirical floccu lation  r a te s  a re  de term in ed  by  ta k in g  th e
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g ra d ie n t of th e  s te e p e s t  p a r t  of th e  floccu lation  c u rv e . These 
em pirical floccu lation  r a te s  c o rre sp o n d  to  th e  maximum floccu lation  

r a te s  ach iev ed  in  th e  15 m inu tes floccu la tion  tim e. I t  is  po ssib le  th a t  

p a r tic le s  a re  d e s tab ilized  more qu ick ly  in  th e  p re se n c e  of ad d ed  s a lt  

b u t  th e  u ltim ate  floccu lation  r a te s  may be  h ig h e r  in  s a l t - f r e e  so lu tions. 

F ig u re s  4.9.-4.12. show th a t  th e  d e g re e  of floccu lation  in  s a lt  so lu tio n s  
a re  h ig h e r  a t  th e  e a r ly  s ta g e s  of floccu lation  which in d ic a te s  th a t  

d e stab iliza tio n  of p a r tic le s  is  more easily  ach iev ed  in  th e  p re se n c e  of 

a d d ed  sa lt . However, a  h ig h e r  d e g re e  of floccu lation  is  o b se rv ed  with 

P erco l 63 (F ig u re  4.11.) an d  P erco l 1597 (F ig u re  4.12) in  th e  s a l t - f r e e  

medium a f te r  a few m inutes of floccu lation  tim e. As a  re s u l t ,  th e  

floccu lation  r a te s  in  s a l t - f r e e  medium a re  h ig h e r  a f te r  a b o u t 10 m inutes 
floccu lation  tim e. Hence, th e  o b se rv e d  floccu lation  r a te s  in  s a lt  
so lu tio n s  a t  d o sag es  w hich c o rre sp o n d  to  th e  suboptim al d o sag es  in  

s a l t - f r e e  so lu tio n s  a re  h ig h e r  fo r  th e  low c h a rg e  d e n s ity  polym er and  
low er fo r  th e  h ig h  c h a rg e  d e n s ity  polym er. The h ig h e r  floccu lation  
r a te s  in  s a l t  so lu tio n s  a t  d o sag es  which c o rre sp o n d  to  th e  o v e r-d o se d  

co n d itio n s  can  sim ply be  exp lained  by  th e  sc re e n in g  e ffe c t of th e  
e lec tro ly te . A la rg e r  am ount of polym er can  be a d so rb ed  b e fo re  th e  
p a rtic le s  become re s ta b il iz e d , a  h ig h e r  floccu lation  r a te  can  be 
m aintained a t  a  h ig h e r  polym er d o sag e  o r  a t  th e  same dosage  in  a  

h ig h e r  ionic s t r e n g th  so lu tion .

The optimum ionic s t r e n g th  fo r  a  polym er of a  g iven  cation ic  

c h a rg e  d e n s ity  is  d iff icu lt to  e s ta b lish . T his is  b ecau se  th e  m olecular 
m ass an d  th e  chem ical n a tu re  of th e  polym er, a s  well a s  th e  c h a rg e  
d e n s ity  sh o u ld  be  ta k e n  in to  acco u n t. However, some g en e ra lisa tio n s  
can  be  made fo r  th e  r e s u l ts  in  th e  p re s e n t  work. The floccu lation  

r a te s  in  300 mM NaCI a re  low er th a n  th o se  in  100 mM NaCI u n le ss  when 

th e  polym er dosag e  is  v e ry  h ig h . I t  is  r a th e r  in te re s t in g  th a t  none 

of th e  floccu lation  r a te s  fo r  P erco l 1697 in  s a l t  so lu tio n s  exceeds th o se  
in  th e  s a l t - f r e e  medium (see  F ig u re  4.23.). T his b eh av io u r is  n o t 

o b se rv e d  w ith Percol 1597. A lthough; th e  m olecular m ass of P erco l 1597 

an d  Perco l 1697 a re  sim ilar an d  th e  c h a rg e  d e n s ity  of b o th  polym ers 

c u r e  100%, th e  tw o polym ers a re  sy n th e s iz e d  from  d if fe re n t ty p e  of 

monomers. F locculation  r a te s  in  s a l t  so lu tio n s  a re  fo und  to  be f a s te r

120



th a n  th e  c o rre sp o n d in g  r a te s  in  s a l t - f r e e  medium, o v e r a  wide ra n g e  of 

polym er d o sag es , fo r  P erco l 326 (F ig u re  4.19.)/ Percol 63 (F ig u re  4.21.) 
an d  Percol 1697 (F ig u re  4.23.). From th e s e  re s u l ts ,  i t  can  be  sa id  

th a t  floccu lation  is  o v e ra ll b e t te r  in  th e  a b sen ce  of s a l t  when th e  

ca tio n ic ity  of th e  polym er is  30% o r g re a te r ,  o r when th e  m olecular 

m ass is  le s s  th a n  a b o u t 4 x 105. How ever, F ig u re  4.22. show s th a t  
P erco l 1597 (a  100% c h a rg e d  polym er of m olecular m ass in  th e  reg io n  of 

3-4 x 10 4) does n o t f i t  in  w ith th e  above g e n e ra lisa tio n . The 

floccu lation  r a te s  of th is  polym er is  s h a rp ly  re d u c e d  fo r  d o sages 

exceed ing  th e  optimum floccu lation  d o sage  in  s a l t - f r e e  medium. On th e  

o th e r  han d , a  more g ra d u a l re d u c tio n  in  floccu lation  r a te s  is  show n in  
s a l t  so lu tio n s . T h e re fo re , a  wide ra n g e  of polym er d o sag es  in  s a lt  
so lu tio n s  g iv es  h ig h e r  floccu lation  ra te s .  As a  r e s u l t ,  floccu lation  is  
g en e ra lly  b e t te r  in  s a l t  so lu tio n s  fo r  P erco l 1597. The above r e s u l ts  

i l lu s tr a te  how th e  floccu lation  of a  su sp e n s io n  can  be  in flu en ced  by  a 

s u b tle  ba lance  of th e  c h a ra c te r is t ic s  of th e  polym er an d  th e  ionic 

s t r e n g th  of th e  so lu tio n s .

4.2. E lec tro p h o re tic  m obility m easurem ents

E lec tro p h o re tic  s tu d ie s  h av e  b een  u sed  su cc e ss fu lly  to  gain  u se fu l 
in form ation  in  many in v e s tig a tio n s  on th e  s ta b ility  of collo ids. They 
can  be  u sed  to  g ive an  in d ica tio n  of th e  d o u b le -la y e r re p u ls iv e  fo rce s  

betw een  p a rtic le s . E lec tro p h o re tic  m obility of silica  p a r tic le s  dosed  
w ith each  of th e  six cation ic  flo ccu lan ts  in  a  s a l t - f r e e  medium,
5 mMol NaCI an d  10 mMol NaCI so lu tio n s  w ere d e te rm in ed . The re s u l ts  

a re  p re s e n te d  in  F ig u re  4.24-4.29. The a d so rp tio n  of cation ic  polym er 

may n e u tra lis e  th e  s u r fa c e  c h a rg e  of th e  n eg a tiv e ly  c h a rg e d  p a rtic le s . 

Those p a r tic le s  which a re  e lec trica lly  n e u tra l  will rem ain s ta tio n a ry  

u n d e r  th e  in flu en ce  of an  e le c tr ic  fie ld  an d  th e  m obility of th e se  
p a r tic le s  will be  zero . A re v e rs a l  of p a r tic le  c h a rg e  will o ccu r if  an  

ex cess  am ount of polym er is  a d so rb ed . The d o sag es  re q u ire d  to  g ive 

zero  mobility in  a s a l t - f r e e  medium a re  estim ated  an d  a re  g iven  in  

Table 4.2.. T hese d a ta  show th a t  th e  re v e rs a l  of th e  p a r tic le  c h a rg e  

from  n eg a tiv e  to  p o s itiv e  o c c u rs  a t  a  polym er dosage  v e ry  close to  th e
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estim ated  optimum floccu la tion  dosage . The r e s u l ts  re in fo rc e  th e  

im portance  of c h a rg e  n e u tra liz a tio n  in  floccu la tion , a s  d isc u sse d  in  
Section  4.1.5..

Table 4.2. Optimum floccu lation  d o sag e  an d  zero  m obility dosage  

(in  a s a l t - f r e e  medium)

Polym er Optimum floccu lation  

d o sag e  \ i g / l

Dosage to  g ive  

zero  mobility n&/ l

P140 200 235

P326 100 140

P292 100 110

P63

P1597

P1697

F ig u re s  4.24-4.29 show th a t  w ith an  ex cess  am ount of polym er th e  

m obility e v en tu a lly  re a c h e s  a  p la teau  v a lu e  which r e p re s e n ts  th e  
maximum p o sitiv e  c h a rg e  a tta in e d  by  th e  p a rtic le s . Maximum po sitiv e  
e lec tro p h o re tic  m obility is  p rim arily  d e te rm in ed  by  th e  am ount of 
ca tion ic  c h a rg e  re s id in g  on polym er in  th e  a d so rb e d  s ta te  when th e  

co v e rag e  of th e  p a r tic le  s u r fa c e  is  com pleted. The u ltim ate  am ount of 
a d so rb e d  polym er is  in d e p e n d e n t of th e  m olecular m ass b u t  d e p e n d e n t 

on th e  su rfa c e  availab le . T hese p la te au  m obility v a lu es  in  s a l t - f r e e  

so lu tio n s  a re  show n in  Table 4.3.. T hese  r e s u l ts  show th a t  th e  am ount 
of p o s itiv e  c h a rg e  g a in ed  a t  com plete s u r fa c e  co v e rag e  d e p en d s  q u ite  

s tro n g ly  on th e  c h a rg e  d e n s ity  of th e  polym er. Perco l 63, a  30% 

c h a rg e d  polym er, g iv e s  a  p o s itiv e  m obility ab o u t fiv e  tim es h ig h e r  th a n  
Perco l 140, a  5% c h a rg e d  polym er. P erco l 326 an d  Perco l 292, b o th  

po lym ers a re  15% c h a rg e d , g ive  a  p o s itiv e  mobility a b o u t th r e e  tim es 

h ig h e r  th a n  P erco l 140. The re s p e c tiv e  maximum p o sitiv e  m obility of 

th e s e  po lym ers show s a good co rre la tio n  w ith th e  ra tio  of th e i r  c h a rg e  
d e n s itie s . The maximum p o sitiv e  m obility fo r  th e  100% c h a rg e d  

po lym ers, P erco l 1597 a n d  Percol 1697 a re  low er th a n  exp ec ted . The
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v a lu es  fo r  P erco l 1597 an d  P erco l 1697 c o rre sp o n d  to  th o se  of a  30% 
a n d  15% c h a rg e d  po lym ers re sp e c tiv e ly . I t  is  p o ssib le  th a t  la te ra l  

re p u ls io n  among c h a rg e d  seg m en ts  o f polym er m olecules fo r  th e  100% 
c h a rg e d  po lym ers is  h ig h e r  th a n  th a t  fo r  po lym ers of low er c h a rg e  
d e n s ity . T his may p re v e n t  th e  a d so rp tio n  of polym er a t  s i te s  c lose to  

o th e r  a d so rb e d  polym er. Also, P erco l 1597 a n d  P erco l 1697 a re  

ex p ec ted  to  a d so rb  in  a  r a th e r  " f la tte n e d "  conform ation  b ecau se  of th e  
h ig h  c h a rg e  d e n s ity  a n d  low m olecular m ass of th e  polym ers.

T h e re fo re , th e  am ount of polym er a d so rb e d  a t  fu ll polym er co v e rag e  is  
le s s  fo r  Perco l 1597 an d  P erco l 1697 th a n  fo r  th o se  polym ers which can  

a d so rb  in  a  more e x ten d e d  conform ation . As a  r e s u l t ,  th e  am ount of 

ex cess  p o s itiv e  c h a rg e  rem ain ing  is  a lso  le s s , g iv in g  a  low er maximum 

p o s itiv e  m obility th a n  ex p ec ted . I t  sh o u ld  a lso  be  m entioned th a t  c a re  

sh o u ld  be  ta k e n  when com paring  th e  r e s u l ts  o f P erco l 1597 an d  Percol 

1697 w ith o th e r  po lym ers b ecau se  th e s e  po lym ers a re  made from  
d if f e r e n t  ty p e s  of monomers. M eaningful com parison  can  be  made only 
on P erco l 140, P erco l 326, Perco l 326 an d  P erco l 63.

Table 4.3. Maximum p o s itiv e  e le c tro p h o re tic  mobility

Medium Maximum p o s itiv e  m obility Oim / s : V c m )

P140 P326 P292 P63 P1597 P1697

1.36S a lt- f re e 0.51 1.41 1.29 2.27 2.03

5 mM NaCI 0.34 1.41 1.25 1.89 3.79 3.94

10 mM NaCI 0.32 1.32 1.19 1.89 3.38 3.36

I t  is  in te re s t in g  to  n o te  th a t  a n  in c re a se  in  th e  v a lu es  of maximum 
p o s itiv e  m obility in  s a l t  so lu tio n s  i s  o b se rv e d  fo r  P erco l 1597 an d  

P erco l 1697, w hereas a  d e c re a se  is  o b se rv e d  in  o th e r  po lym ers. The 

sc re e n in g  e ffe c t of c h a rg e d  s u rfa c e  in  s a l t  so lu tio n s  is  ex p ec ted  to  

g iv e  a  low er maximum p o s itiv e  m obility. The rea so n  fo r  a  h ig h e r  

p o s itiv e  m obility in  s a l t  so lu tio n s  fo r  P erco l 1597 a n d  P erco l 1697 is  

d iff ic u lt to  exp lain . E lec tro s ta tic  rep u ls io n  among polym er seg m en ts  
can  be  re d u c e d  in  a  m oderate  am ount of s a lt ,  su c h  th a t  a  d e n se r  

p ack in g  of polym er is  p o ssib le . T he s a l t  e f fe c t  may be more
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p ro n o u n ced  w ith h ig h ly  c h a rg e d  po lym ers b ecau se  la te ra l  re p u ls io n  
be tw een  h ig h  c h a rg e  d e n s ity  po lym ers i s  more s ig n ific a n t. I t  is  

p o ssib le  t h a t  fo r  P erco l 1597 an d  P erco l 1697, th e  am ount of polym er 

a d so rb e d  in  5 mMol NaCI is  h ig h e r  th a n  th a t  in  s a l t - f r e e  medium, 

g iv in g  a th ic k e r  la y e r  of a d so rb e d  polym er. As a  re s u l t ,  th e  am ount 

of ex cess  p o s itiv e  c h a rg e  on th e  p a r tic le s  is  h ig h e r  in  s a l t  so lu tio n s  

fo r  th e s e  tw o po lym ers. On th e  o th e r  h an d , th e  am ount of ex cess  

p o s itiv e  c h a rg e  becom es s lig h tly  le s s  a s  th e  s a l t  co n ce n tra tio n  is  

in c re a se d  to  10 mMol NaCI. The low er maximum p o sitiv e  mobility a t  

10 mMol NaCI is  ex p ec ted  b ecau se  o f th e  sc re e n in g  of s u rfa c e  c h a rg e . 

In d e e d , th is  low ering  of m obility a t  10 mMol NaCI is  a lso  o b se rv e d  with 

o th e r  po lym ers. S ince, th e r e  i s  no  in fo rm ation  av ailab le  on th e  
polym er seg m en t d e n s ity  d is tr ib u tio n  fo r  th e  sy stem  s tu d ie d , i t  is  n o t 
p o ssib le  to  v e r ify  th is  p o in t.

4.3. Specific  e f fe c ts  of flo ccu la tin g  io n s

I t  is  know n th a t  a p a r t  from  th e  valency  of th e  c o u n te r  io n s , th e  

sp ec ific  n a tu re  of th e  ad d ed  s a l ts  a lso  h a s  a  c e r ta in  in flu en ce  on th e  
s ta b ility  of colloid, (O verbeek , 1952). In  th e  Gouy-Chapm an tre a tm e n t 
o f th e  d iffu se  doub le  la y e r , io n s  a re  t r e a te d  a s  p o in t c h a rg e s . This 

will n o t g ive  r is e  to  an y  sp ec ific  e f fe c ts  of io n s . The S te rn  th e o ry  
ta k e s  th e  f in ite  s ize  of th e  io n s  in to  acco u n t an d  th u s  sp ec ific  e ffe c ts  

can  be  exp lained .

I f  th e  doub le  la y e r  i s  t r e a te d  a s  tw o c a p a c ito rs  in  s e r ie s , th e n  th e  
c ap a c ity  of th e  d iffu se  p a r t  of th e  doub le  la y e r  can  be  ca lcu la ted  from 
E quation  2.8., <x0/tp 0-e ic . I t  can  b e  seen  th a t  a  d iffu se  doub le  la y e r  

h a s  th e  same cap ac ity  a s  a  p a ra lle l p la te  c o n d e n se r  w ith a  d is ta n c e  1 /  k 
b e tw een  th e  p la te s . The in n e r  p a r t  o f th e  doub le  la y e r , th e  S te rn  

p lan e , can  be  t r e a te d  a s  a  m olecular c o n d en se r. The cap ac ity  of th e  

S te rn  la y e r  does n o t d ep en d  on e le c tro ly te  co n ce n tra tio n  ex cep t in  so 

f a r  a s  th e  p e rm ittiv ity  of th e  S te rn  la y e r  is  a ffec ted . The p o ten tia l 
d e p e n d s  on th e  th ic k n e s s  of th e  m olecular c o n d e n se r , o th e r  th in g s  

b e in g  equal. The th ic k n e s s  of th e  m olecular c o n d en se r will be  

d e te rm in ed  by  th e  s ize  of th e  c o u n te r - io n s . The a d so rp tio n  of 

c o u n te r - io n s  low ers th e  p o te n tia l a c ro ss  th e  S te rn  p lane. The S te rn
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p lane . The S te rn  c o rre c tio n  r e s u l ts  in  a  low er p o ten tia l d ro p  in  th e  
d iffu se  double  la y e r . The su r fa c e  p o ten tia l d e c re a se s  f i r s t  lin ea rly  

w ith d is ta n ce  in  th e  S te rn  p lane  a n d  th e n  exponen tia lly  in  th e  d iffu se  
la y e r  (See F ig u re  2.1.). When co n s id e rin g  th e  e le c tr ic  double  la y e r  

in te ra c tio n  of tw o ap p ro a ch in g  p a r tic le s , i t  is  app licab le  to  rep lace  

w ith th e  S te rn  p o ten tia l Tpd . The s ize  of th e  a d so rb e d  c o u n te r - io n s  to  

th e  p a r tic le s  d e te rm in es  th e  . T h e re fo re , th e  a d so rp tio n  of la rg e r  

c o u n te r - io n s  is  ex p ec ted  to  g ive  r is e  to  a  low er ipd an d  a low er 

s ta b ility .
The second  fe a tu re  in  S te rn ’s  th e o ry  is  th e  sp ec ific  a d so rb ab ility . 

When th e  c o u n te r - io n s  a re  s tro n g ly  a d so rb e d , a  s h a rp  re d u c tio n  in  

p o ten tia l will r e s u l t  a c ro s s  th e  S te rn  la y e r  which lead  to  a low er 

s ta b ility . The a d so rp tio n  of e le c tro ly te  will be  more p ro n o u n ced , th e  

h ig h e r  th e  c h a rg e  n u m ber of th e  ion. In d eed , th e  c r itic a l coagulation  

c o n ce n tra tio n  of an  in d if fe r e n t  e le c tro ly te , (i.e . th e  co n ce n tra tio n  of th e  
e le c tro ly te  which is  j u s t  su ff ic ie n t to  co ag u la te  a  lyophob ic  sol to  an  

a rb i t r a r i ly  de fin ed  e x te n t in  an  a rb i t r a r i ly  ch o sen  tim e) alw ays show s a 

s tro n g  d ep en d en ce  upon  th e  c h a rg e  n u m ber of i t s  c o u n te r - io n s . The 

e le c tro s ta tic  a ttra c t io n  betw een  th e  c h a rg e d  p a rtic le s  a n d  th e  

o p p o sitiv e ly  c h a rg e d  io n s  is  ex p ec ted  to  be  s t ro n g e r  w ith ions of 

h ig h e r  c h a rg e  num ber. For a  s e r ie s  of io n s , th e  g re a te r  p o la rizab ility  
of th e  la rg e r  ion will be  ex p ec ted  to  in c re a se  th e i r  ad so rb ab ility  and  

th u s  lead in g  to  a low er s ta b ility .
A f u r th e r  co n sid e ra tio n  of th e  sp ec ific  e ffe c ts  of floccu lation  ions 

is  th e  h y d ra tio n  e ffe c ts  of ions. As m entioned in  2.I.3 .C., th e  

s h o r t - r a n g e  rep u ls io n  d u e  to  a d so rb e d  h y d ra te d  io n s  in c re a se s  with 

th e  d e g re e  of h y d ra tio n . The m olecules of h y d ra tio n  w ater a re  
o r ie n ta te d  an d  immobilized by  th e  io n -d ip o le  fo rce s , form ing a 

h y d ra tio n  s h e a th  a ro u n d  th e  ion. L arge  io n s  su c h  a s  caesium , iod ide 

an d  tetram ethylam m onium  show th e  e ffec tiv e  num ber of bound  w ater 

m olecules to  be  n ea rly  zero . The fie ld  fo rce  which a lig n s  th e  w ater 

d ipole d e c re a se s  a s  th e  ionic ra d iu s  in c re a se s . A la rg e r  ion h a s  a 

g re a te r  te n d en c y  to  lose  i t s  w ater of h y d ra tio n , th e re fo re , i t  can  
a d so rb  onto  a  c h a rg e d  su rfa c e  more easily . The rep u ls io n  a r is in g
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from  th e  a d so rb ed  h y d ra te d  io n s  is  le s s  fo r  a  la rg e r  ion.

C onsequen tly , a g g re g a tio n  of co llid ing  p a r tic le s  o c cu rs  more read ily , 
lead in g  to  a  low er s ta b ility .

In  sum m ary, i t  can  be  sa id  t h a t  th e  im p o rtan t p a ra m e te rs  in  a 

co n sid e ra tio n  of th e  sp ec ific  e f fe c ts  of flo ccu la tin g  io n s  a re  th e  size  

and  th e  c h a rg e  of th e  io n s . T hese two p a ra m e te rs  de term in e  th e  

a d so rb ab ility  of io n s , th e  p o la risab ility  of io n s  and  th e  d e g re e  of 

h y d ra tio n . T hese fa c to rs  a re  in te rd e p e n e n t  an d  th e y  in  tu r n  g ive 
r is e  to  th e  sp ec ific  e ffe c ts  of ions on th e  s ta b ility  of colloid.

An e lec tr ic  doub le  la y e r  is  made up  of th e  c h a rg e d  su rfa c e  an d  a 

n e u tra lis in g  ex cess  of c o u n te r - io n s  o v e r co -io n s  d is tr ib u te d  in  a 

d iffu se  m anner in  th e  aq u eo u s  medium. The n a tu re  of th e  co -io n s  can 

a ffe c t th e  s ta b ility  of th e  sol, a lth o u g h  to  a  le s s e r  e x te n t th a n  th a t  of 

th e  c o u n te r  ions. The sm aller co -io n s , be in g  more h igh ly  h y d ra te d , 
h av e  a g re a te r  te n d e n c y  to  rem ain  in  th e  bu lk  aq u eo u s  medium. This 
f u r th e r  th e  p re fe re n tia l  te n d e n c y  of c h a rg e d  p a rtic le s  to  a d so rb  
c o u n te r - io n s . As a  re s u l t ,  co -io n s  of sm aller s ize  le ad s  to  a low er 

s ta b ility .
C ations an d  an ions can  be a r ra n g e d  in  th e  following ly o tro p ic  

s e r ie s  of approx im ately  d e c rea s in g  d e g re e  of h y d ra tio n :

Mg2+ > Ca2+ > S r2+ > Ba2+

>Li+ > Na+ > K+ > NHV > Rb+ > Cs+

and

c i t r a te 3- > SO42' > Cl- > NO3- > I - > CNS-

F locculation  t e s t s  h av e  b een  c a r r ie d  o u t to  in v e s t ig a te  th e  specific  
e ffe c t of flo ccu la tin g  io n s . The em pirical floccu lation  r a te s  o v e r a

ra n g e  of polym er d o sag es  in  s a l t - f r e e ,  0.5 M NaCI, 0.5 M KCl and  
0.5 M NaNCh so lu tio n s  a re  de term in ed  a s  d e sc r ib e d  in  Section 4.1.5..

The r e s u l ts  a re  p re s e n te d  in  F ig u re s  4.30-4.33.. I t  h a s  been  

d isc u sse d  in  Section 4.1.5. th a t  floccu la tion  o ccu r o v e r a  w ider ra n g e

of polym er c o n c e n tra tio n s  in  th e  p re se n c e  of ad d ed  sa lt . The re s u l ts
can  be  g en e ra lised  th a t  floccu lation  r a te  is  le s s  se n s itiv e  to  polym er 

dosage  in  th e s e  s a lt  so lu tio n s  a t  a  c o n ce n tra tio n  of 0.5 M. H igher
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floccu lation  r a te s  a re  fo u n d  in  0.5 M NaN0 3  o v e r th e  com plete ra n g e  of 
polym er d o sag es  s tu d ie d . On th e  o th e r  h an d , 0.5 M KCl a lw ays g ives 
th e  slow est floccu lation  ra te s .

The la rg e r  K+ is  ex p ec ted  to  be more e ffec tiv e  th a n  th e  Na+ in  

d e s ta b ilis in g  th e  n e g a tiv e ly -c h a rg e d  silica  p a r tic le s . S im ilarly, th e  
sm aller Cl" io n s  sh o u ld  lead  to  a  low er s ta b ility  of th e  silica  

su sp e n sio n . However, th e  r e s u l ts  p re s e n te d  in  F ig u re s  4.30-4.33 fo r 

th e  fo u r  cation ic  po lym ers a re  in  co n tra d ic tio n  to  th e  co n cep t of 

sp ec ific  e ffe c ts  of flo ccu la tin g  io n s  m entioned above. Lower 

floccu lation  r a te s  a re  o b se rv e d  w ith th e  la rg e r  c o u n te r - io n s  an d  th e  

sm aller co -io n s  to  th e  c h a rg e d  p a rtic le s . The above co n cep t is  

app licab le  to  th e  d e s tab iliza tio n  of a  h y d ro p h o b ic  s a lt  by  ad d itio n  of 
in d if fe re n t  e le c tro ly te  alone. In  th e  p re s e n t  work, th e  p a r tic le s  a re  

p a r tly  d e s tab iliz ed  by  th e  s a l t  e f fe c t a n d  p a r tly  by a d so rb ed  
poly e le c tro ly te s .

Very l i t t le  in form ation  is  availab le  on th e  sp ec ific  e ffe c ts  of in e r t  

e le c tro ly te  on th e  a d so rp tio n  of p o ly e lec tro ly te  on o p p o s ite ly -c h a rg e d  
p a rtic le s . The a d so rp tio n  of cation ic  polym er on a c h a rg e d  su rfa c e  
in v o lv es  th e  d e so rp tio n  of th e  weakly b o u n d ed  c o u n te r - io n s  to  th e  
c h a rg e d  s u rfa c e  of th e  p a r tic le s  an d  p e rh a p s  th o se  to  th e  c h a rg e d  

seg m en ts  of th e  polym er a s  well. The more s tro n g ly  ad so rb ed  
c o u n te r - io n s  to  th e  p a r tic le s  a re  more d iff icu lt to  d isp lace  by  th e  

cation ic  polym er. T h e re fo re , th e  floccu lation  ab ility  of th e  polym er is  
re d u c e d  to  a  g re a te r  e x te n t by  th e  la rg e r ,  more s tro n g ly  ad so rb ed  
ions. This id ea  is  s u p p o r te d  by th e  experim en tal r e s u l ts  show n in  
F ig u re s  4.30.-4.33., floccu lation  r a te s  w ith th e  la rg e r  c o u n te r - io n s  to  

th e  p a r tic le s , K \ a re  fo u n d  to  be  low er th a n  th o se  w ith N a\

The floccu lation  ra te  is  expec ted  to  be  h ig h e r  in  th e  p re se n c e  of 

th e  sm aller, more h ig h ly  h y d ra te d  io n s  which a re  co -io n s  to  th e  
p a rtic le  an d  also  c o u n te r - io n s  to  th e  polym er. The more h y d ra te d  

io n s  may com pete w ith th e  c h a rg e d  seg m en ts  of th e  polym er fo r  i ts  

w ater of h y d ra tio n . This may lead  to  a  s tro n g e r  polym er a d so rp tio n  

an d , s u b se q u e n tly , h ig h e r  floccu lation  ra te s .  On th e  o th e r  han d , 

th e se  h igh ly  h y d ra te d  io n s  a lso  have  a g re a te r  te n d e n c y  to  rem ain in  

th e  b u lk  liq u id . T h e re fo re , th e y  a re  like ly  to  be away from  th e
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p a r tic le s  an d  away from  th e  polym er. As a r e s u lt ,  th e y  h av e  lit t le  
in flu en ce  on th e  floccu lation  ra te s .  The experim en tal r e s u l ts  show 
th a t  th e  floccu lation  r a te s  with th e  more h y d ra te d  Cl- io n s  a re  low er 

th a n  th e  NO3-. T hese r e s u l ts  c lea rly  show a sp ec ific  e ffe c t of th e  

c o u n te r - io n s  to  th e  polym er. How ever, com petition  fo r  w ater of 

h y d ra tio n  c o n tra d ic ts  th e  low er floccu lation  r a te s  o b se rv e d  w ith Cl-. 

Some unknow n fa c to rs  m ust be  p re s e n t  to  g ive  th is  e ffe c t b u t  th e  
re a so n s  a re  s ti l l  u n c lea r. N ev erth e le ss , i t  can  be sa id  th a t  th e  
ad so rb ab ility  of th e  c o u n te r - io n s  to  th e  p a r tic le s  may be  re sp o n sib le  

fo r  th e  sp ec ific  e ffe c ts  on th e  floccu lation  of p a r tic le s  by polym er.

4.4. E ffec t of mixed e le c tro ly te s

The floccu lation  r a te s  o v e r a  ra n g e  of polym er d o sag es  in  a ra n g e  
of s a l t  so lu tio n s  h av e  b een  de te rm in ed  an d  th e  r e s u l ts  a re  show n in  

F ig u re s  4.34-4.41.. As m entioned in  Section 4.1.5., th e  floccu lation  r a te  

is  le s s  s e n s itiv e  to  polym er dosag e  in  th e  p re se n c e  of ad d ed  sa lt . 

F ig u re s  4.34-4.37 show th e  floccu lation  r a te s  in  s a l t - f r e e , 0.5 M NaCI, 

0.01 M CaCl2 an d  a m ixture of 0.5 M NaCl/0.01 M CaCh. The floccu lation  

r a te s  fo r  all th e  polym ers te s te d  in  0.01 M CaCh a re  c o n s is te n tly  
h ig h e r  th a n  th o s e  in  0.5 M NaCI an d  in  a  m ixture of 0.5 M NaCI/
0.01 M CaCh. D espite th e  ionic s t r e n g th  of th e  0.01 M CaCh so lu tion  
is  low er th a n  th a t  in  th e  0.5 M NaCI, th e  h ig h e r  va lency  of th e  calcium  
ion is  ab le  to  b r in g  a b o u t a low er s ta b ility  an d  hence  th e  h ig h e r  

floccu lation  ra te s .  Sim ilarly, in  F ig u re s  4.38-4.41 th e  floccu lation  ra te s  

in  0.05 M MgCh a re  c o n s is te n tly  h ig h e r  th a n  th o se  in  th e  0.5 M NaCI 
an d  in  a  m ixture of 0.5 M NaCl/0.05 M MgCh fo r  th e  sam e rea so n .

The in te re s t in g  p o in t is  th e  floccu lation  r a te s  in  a  m ixture of 

e le c tro ly te s . The floccu lation  r a te s  in  th e  0.5M NaCl/O.OlM CaCh 

m ixture a re  low er th a n  th o se  in  0.5M NaCI a t  low polym er d o sag es  b u t 

become h ig h e r  a t  h ig h  polym er d o sag es . The tra n s it io n  ta k e s  place 

n e a r  th e  optimum floccu lation  d o sage  in  th e  s a l t - f r e e  so lu tion . This 
t r e n d  is  o b se rv e d  fo r  all fo u r  polym ers te s te d .  The floccu lation  r a te s  

in  a  0.5M NaCl/0.05M MgCh m ixture a re  c o n s is te n tly  h ig h e r  th a n  th o se  

in  0.5M NaCI fo r  all d o sag e  w ith Perco l 140, b u t  a re  c o n s is te n tly  low er 

with Percol 326, Perco l 292 an d  P erco l 63. T hese r e s u l ts  in d ic a te  th e
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im p o rtan ce  of c h a rg e  e ffe c ts  on th e  s ta b ility  of th e  su sp en s io n . The 
in te ra c tio n  of ionic s t r e n g th ,  sp ec ific  e ffe c ts  of flo ccu la tin g  ions and  
c h a rg e  d e n s ity  of polym er is  v e ry  su b tle . P re se n tly , th e r e  is  no 

th e o re tic a l tre a tm e n t on th is  a sp e c t of floccu lation . A d e ta iled  

an a ly s is  of th e  r e s u l ts  is  n o t p o ssib le  u n til in fo rm ation  su c h  a s  th e  
am ount of polym er a d so rb e d  and  th e  th ic k n e s s  of ad so rb ed  polym er 

la y e r  a re  know n.

4.5. V erification  of p a rtic le  a g g re g a tio n  by C oulter co u n tin g  and  

PDA 2000
The a g g re g a tio n  of a  la tex  su sp e n s io n  in  10 mMol m agnesium  

ch lo rid e  h as  been  m onitored with a PDA 2000 an d  p a rtic le  c o u n ts  have 
b een  o b ta in ed  w ith a  C oulter C oun ter a t  in te rv a ls . The p a rtic le  

co n ce n tra tio n  d e c re a se s  d u r in g  th e  c o u rse  of a g g re g a tio n . F ig u re s  
4.42 show s th e  in c re a se  in  T u rb id ity  F lu c tu a tio n  an d  th e  re d u c tio n  of 
all p a r tic le s  g re a te r  th a n  1 \im  w ith tim e. The v a lu es  of T u rb id ity  
F lu c tu a tio n  in c re a se  lin e a rly  w ith tim e. The "lag  p h ase"  o b se rv e d  in  
polym eric floccu la tion , a s  d ep ic ted  in  F ig u re  4.1., is  n o t o b se rv ed .

This is  ex p ec ted  fo r  a su sp e n s io n  d e stab iliz ed  by e lec tro ly te . A 

d e ta iled  a n a ly s is  of th e  p a r tic le  c o u n t d a ta  is  v e ry  d iff icu lt to  
in te r p r e t  unam biguously . The ra te  a t  which a su sp e n s io n  a g g re g a te s  
is  n o t alw ays c o n s ta n t d u r in g  th e  c o u rse  of a g g re g a tio n . F ac to rs  

su ch  a s  p a rtic le  collision f re q u e n c y , th e  frac tio n  of su c c e ss fu l 
co llisions an d  th e  ch an g e  in  p a r tic le  s ize  d is tr ib u tio n  can  in flu en ce  th e  

a g g re g a tio n  ra te .  Polym eric floccu lation  is  also com plicated by  th e  
re la tiv e  r a te s  of polym er a d so rp tio n  an d  p a rtic le  collision. In  a 
s itu a tio n  w here th e  p o ten tia l e n e rg y  b a r r ie r  to  coagu la tion  is  re d u c ed  

to  zero  by  th e  p re se n c e  of excess e le c tro ly te  to  pe rm it e v e ry  

e n c o u n te r  betw een  co llid ing  p a r tic le s  to  form  p e rm an en t a g g re g a te s , 
th e  a g g re g a tio n  r a te  can  s till  be  a ffe c ted  by  p a ra m e te rs  su ch  a s  th e  

in flu en ce  of p a r tic le s  size  on collision ra te  and  th e  s ta b ility  of th e  

r e s u l ta n t  a g g re g a te s .
The in c re a se  in  T u rb id ity  F lu c tu a tio n  is  fo u n d  to  c o rre sp o n d  to  a 

re d u c tio n  in  p a rtic le  co u n t. The in v e rs e  re la tio n sh ip  betw een 

T u rb id ity  F lu c tu a tio n  an d  p a rtic le  co u n t confirm s th a t  th e  a g g reg a tio n
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of p a r tic le s  can  be  followed by  m onitoring  th e  l ig h t  in te n s ity  

f lu c tu a tio n s  a s  d e sc r ib e d  in  Section  2.5.4. I t  is  p ro b ab ly  a  
co incidence  th a t  th e  r e s u l ts  in  F ig u re  4.42. show a  6 -fo ld  re d u c tio n  in  
p a r tic le  co u n t c o rre sp o n d in g  ro u g h ly  to  a  6 -fo ld  in c re a se  in  T u rb id ity  

F lu c tu a tio n . G enerally , i t  is  n o t p o ssib le  to  o b ta in  a  q u a n tita tiv e  

c o rre la tio n  of th e  p a r tic le  c o n ce n tra tio n  w ith th e  T u rb id ity  F lu c tu a tio n  

s in ce  th e  s c a t te r in g  of l ig h t  by  a g g re g a te s  i s  com plicated  by  th e  

v a rio u s  sh a p e s  th a t  a g g re g a te s  can  ad o p t. N ev erth e le ss , an  o v era ll 

m easu re  of th e  s ta te  of a g g re g a tio n  can  be  a d eq u a te ly  m onitored by 

m easu ring  f lu c tu a tio n s  in  th e  in te n s ity  of a  l ig h t  beam tra n sm itte d  

th ro u g h  a  flow ing su sp e n sio n .
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CHAPTER FIVE

CONCLUSIONS

The a g g re g a tio n  of p a r tic le s  b y  th e  u se  of polym eric flo ccu lan ts  

in v o lv es  s e v e ra l s te p s  which may o c cu r s im u ltaneously . T hese s te p s  
in c lu d e  th e  a d so rp tio n  of polym er m olecules, th e  re -a r ra n g e m e n t of 

a d so rb e d  polym er an d  th e  collision of p a r tic le s  h av in g  an  a p p ro p r ia te  

am ount of a d so rb e d  polym er. The ad so rp tio n  of polym er m olecules 

does n o t n e ce ssa rily  ta k e  p lace in s ta n ta n e o u s ly . As a  re s u lt ,  th e re  

may be  an  ap p re c ia b le  lag  tim e betw een  th e  ad d itio n  of polym er and  

th e  o n se t of floccu lation . The re -a r ra n g e m e n t of a d so rb e d  polym er 
a lso  h a s  an  im p o rtan t s ig n ifican ce  on th e  a g g re g a tio n  p ro c e ss . The 

c h a ra c te r is t ic s  of th e  polym er, th e  com position of th e  so lu tio n , th e  

p a r tic le  co n ce n tra tio n  an d  th e  polym er ap p lica tio n  r a te s  can  h av e  a  
m ajor in flu en ce  on th e  a g g re g a tio n  of su sp e n d e d  p a rtic le s . T hese 

fa c to rs  n eed  to  be  c a re fu lly  c o n s id e re d  in  o rd e r  to  u n d e rs ta n d  th e  
a g g re g a tio n  p ro c e ss  b e t te r .

The a g g re g a tio n  of a  su sp e n s io n  of s ilica  p a r tic le s  by six cation ic  

po lym ers h a s  b een  m onitored  by  an  op tica l te c h n iq u e  which m easu res 

th e  f lu c tu a tio n s  of l ig h t  in te n s ity  tra n s m itte d  th ro u g h  th e  flow ing 
su sp e n sio n . An in v e rs e  re la tio n sh ip  betw een  th e  l ig h t  in te n s ity  

f lu c tu a tio n s  an d  th e  p a rtic le  c o n c e n tra tio n s  h a s  b een  e s ta b lish e d  by 

m onitoring  th e  p a rtic le  c o n c e n tra tio n s  w ith a  C oulter C oun ter. The 
d e s tab iliz in g  e ffe c ts  of cation ic  po lym ers on n eg a tiv e ly  c h a rg e d  silica  
p a r tic le s  have  been  fo u n d  to  be m ainly c h a rg e  re la te d . The am ount of 

ca tion ic  c h a rg e  n eed ed  to  g ive  optimum floccu lation  in  th e  a b sen ce  of 

a d d ed  e le c tro ly te  is  a b o u t th e  sam e, d e sp ite  th e  po lym ers u sed  being  

d if f e r e n t  in  m olecular m ass, c h a rg e  d e n s ity  an d  ev en  th e  n a tu re  of th e  

monomer. The e le c tro p h o re tic  m obility d a ta  re in fo rc e  th e  c h a rg e  
e f fe c t  of a d so rb e d  polym er in  th e  d estab iliz a tio n  of d isp e rse d  p a rtic le s . 

The d o sag es  re q u ire d  to  g iv e  zero  m obility c o rre la te  well with th e  

optim um  floccu lation  d o sag es . An in s ig h t  in to  th e  k in e tic  a sp e c ts  of 

f loccu lation  can  be g a in ed  by  co n sid e rin g  th e  re le v a n t fa c to rs  invo lved .
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In  d ilu te  su sp e n s io n s , th e  a d so rp tio n  of polym er may be th e  

ra te -lim itin g  s te p  if  th e  polym er d o sag e  is  low. The tim e re q u ire d  fo r 
p a r tic le s  to  a d so rb  a d e q u a te  am ount of polym er to  form  s ta b le  

a g g re g a te s  h a s  been  show n to  be  s h o r te r  a t  a  h ig h e r  polym er 

co n ce n tra tio n . A h ig h  polym er ap p lica tio n  ra te  m ight be  n e c e ssa ry  in  
ap p lica tio n s  w here ra p id  d estab iliz a tio n  is  re q u ire d . Even th o u g h , a 

low er polym er d o sage  would lead , u ltim ate ly , to  a  f a s te r  floccu lation . 

Rapid d e s tab iliza tio n  h a s  also  b een  ach iev ed  by  u sin g  polym ers of h igh  

c h a rg e  d e n s ity  a n d /o r  h ig h  m olecular m ass. L ess polym er is  re q u ire d  

to  n e u tra liz e  th e  p a rtic le  c h a rg e  w ith a  h ig h  c h a rg e  d e n s ity  polym er. 

U nder th e  s t i r r in g  co n d itio n s  w here o r th o k in e tic  collision m echanism  is  
p redom inan t, th e  la rg e r  polym er is  ex p ec ted  to  a d so rb  fa s te r .

Polym ers of h ig h  c h a rg e  d e n s ity  an d  h ig h  m olecular m ass a re  like ly  to  

g ive good floccu lation .

As a r e s u l t  of th e  re -a r ra n g e m e n t of a d so rb e d  polym er, most 

a d so rb e d  polym er h a s  a  te n d e n c y  to  f la tte n  onto  th e  p a rtic le  su rfa c e  
u n le ss  th e  polym er co v e rag e  is  h ig h . The s ig n ifican ce  of polym er 
re -co n fo rm atio n  on th e  floccu lation  o f th e  su sp e n sio n  d e p en d s  on th e  
p a rtic le  co n ce n tra tio n  of th e  su sp e n s io n , th e  m olecular m ass, c h a rg e  

d e n s ity  and  flex ib ility  of th e  polym er, an d  th e  ionic s t r e n g th  of th e  
so lu tion . I t  is  ex p ec ted  th a t  th e  f la tte n in g  of th e  polym er is  more 

s ig n if ic a n t in  d ilu te  su sp e n s io n , in  c a se s  w here th e  c o n ce n tra tio n  of 

polym er is  low o r th e  c h a rg e  d e n s ity  of th e  polym er is  h ig h . The 
a d so rp tio n  of polym er o u tw eighs th e  re -co n fo rm atio n  of polym er in  

d ilu te  su sp e n sio n  o r in  low polym er c o n ce n tra tio n s . In  th e  

In te rp a r t ic le  B ridg ing  Model, seg m en ts  of polym er m olecules h av e  to  

a t ta c h  to  p a r tic le s  a t  many p o in ts . The "E le c tro s ta tic  P a tch "  e ffe c t 

can  be  re g a rd e d  a s  a n o th e r  form  of " b r id g in g "  in te ra c tio n , th e  

d iffe re n c e  be in g  th e  th ic k n e s s  of th e  a d so rb ed  la y e r . The c ru c ia l 
p o in ts  a re  th a t  th e  a d so rb e d  po lym ers m ust be ab le  to  ex ten d  beyond  

th e  ra n g e  of e le c tro s ta tic  re p u ls iv e  fo rc e s  betw een  th e  collid ing 

p a r tic le s  an d  become a tta c h e d , an d  th a t  th e  a tta ch m en t m ust be 

su ffic ie n tly  s tro n g  to  w ith s tan d  th e  sh e a r in g  fo rc e s  im posed by  th e  

sh e a r  co n d itio n s . P erco l 63, a  30% c h a rg e d , h ig h  m olecular m ass 

polym er is  show n to  g iv e  b e t te r  floccu lation  th a n  th o se  polym ers of
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low er m olecular m ass. The c h a rg e  d e n s ity  of th e  polym er shou ld  be 
m oderate, so th a t  th e  ex cess  cation ic  c h a rg e  of th e  a d so rb e d  polym er 
sh o u ld  n o t g iv e  r is e  to  a rep u ls io n  betw een  p a rtic le s . In  th e  

p re se n c e  of a d d ed  s a lt , th e  ra n g e  of e le c tro s ta tic  re p u ls iv e  fo rc e s  a re  

re d u c e d . P a rtic le s  a re  ab le  to  come c lo se r to  one a n o th e r  g iv in g  a 
more e ffec tiv e  floccu lation .

The ad so rp tio n  tim e to  g ive  a c e r ta in  d e g re e  of d estab iliza tio n  is  

fo u n d  to  be s h o r te r  fo r  a polym er of h ig h e r  c h a rg e  d e n s ity .
However, th e  r e s u l ts  a lso  show th a t  up  to  30% ca tio n ic ity , floccu lation  

becom es more p ro n o u n ced  w ith an  in c re a se  in  c h a rg e  d e n s ity . The 

30% c h a rg e d  polym er is  show n to  g iv e  th e  f a s te s t  optimum flocculation  
r a te  an d  th e  h ig h e s t d e g re e  of floccu lation . The ad so rp tio n  of th e  
100% c h a rg e d  polym ers is  more like ly  to  g ive  too  much ex cess  p o sitive  

c h a rg e , which m ight lead  to  a re p u ls io n  betw een  collid ing  p a rtic le s . 
Even in  an u n d e rd o se d  co n d itio n s , su c c e ss fu l co llisions can  o ccu r if  

su ita b le  s i te s  of d if f e re n t p a r tic le s  come in to  c o n tac t a re  m atched up 
a c c u ra te ly . The in te ra c t io n s  betw een  p a r tic le s  d e s tab ilized  by  polym er 
of c h a rg e  d e n s ity  le ss  th a n  30% may be n o t a s  s tro n g  a s  th o se  
d e s tab iliz ed  by  th e  30% c h a rg e d  polym er.

The floccu lation  of silica  p a r tic le s  by  two polym ers of th e  same 
c h a rg e  d e n s ity  b u t  d if fe r  in  th e i r  m olecular m ass by  a fa c to r  of six 
h a s  show n th a t  th e  la rg e r  polym er (P erco l 292) is  more e ffec tiv e  th a n  

th e  sm aller polym er (P erco l 326), g iv in g  a  s h o r te r  lag  tim e an d  a more 
ra p id  floccu lation . In  g e n e ra l, po lym ers of h ig h  m olecular mass a re  
ab le  to  b r in g  ab o u t a  more e ff ic ie n t floccu la tion . Percol 63, a  polym er 

of h ig h  m olecular m ass 3.0 x 106, is  fo u n d  to  be most e ffec tiv e . On 

th e  o th e r  h a n d , Perco l 1597 an d  P erco l 1697 (po lym ers of low m olecular 

m ass 3-4 x 104) a re  fo u n d  to  g iv e  poor floccu lation .

The ionic  s t r e n g th  of th e  so lu tion  can  a ffe c t th e  polym er 
a d so rp tio n  an d  floccu lation  e ffic ien cy . The ra n g e  of polym er d o sages 
to  b r in g  a b o u t floccu lation  is  le s s  c r itic a l in  s a lt  so lu tio n s  an d  th e  
h ig h e s t  floccu lation  r a te  alw ays o c c u rs  in  th e  s a l t - f r e e  medium. I t  is  

th o u g h t th a t  th e  need  to  d isp lace  a d so rb e d  io n s  may be  re sp o n sib le  fo r  

th e  low ering  of th e  optimum floccu lation  ra te . As th e  p a rtic le s  a re  

p a r tly  n e u tra liz e d  by  th e  e ffe c t of a d d ed  sa lt , th e  o n se t of flocculation
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h a s  b een  show n to  o c cu r more rap id ly  fo r  a  low polym er dose in  th e  

p re se n c e  of ad d ed  sa lt . However/ th e  maximum floccu lation  ra te  an d  
th e  d e g re e  of floccu la tion  a tta in e d  a t  th e  en d  of th e  15 m inutes 

floccu la tion  tim e fo r a  g iv en  d o sage  in  s a lt  so lu tio n s  may be low er th a n  

th o s e  in  s a l t - f r e e  medium. F u rth e rm o re / re s tab iliza tio n  of p a r tic le s  is  
p o ssib le  a t  h ig h  s a lt  c o n c e n tra tio n s  when th e  dosage  is  h ig h . A 5% 

c h a rg e d  polym er (P erco l 140) g iv es  h ig h e r  floccu lation  in  s a lt  so lu tio n s  

a t  d o sag es  c o rre sp o n d in g  to  e ith e r  suboptim al o r o v e r-d o se d  co n d itions 

in  s a l t - f r e e  medium. F or th e  h ig h e r  c h a rg e  d e n s ity  po lym ers, h ig h e r  

floccu lation  r a te s  a re  ach iev ed  only  a t  d o sag es  which c o rre sp o n d  to  

o v e r-d o se d  co n d itio n s  in  s a l t - f r e e  medium. R esu lts  h av e  d em o n stra ted  
t h a t  b o th  th e  polym er ap p lica tion  r a te  an d  th e  c h a rg e  d e n s ity  of th e  

polym er d e term ine  th e  optimum ionic s t r e n g th .  The floccu lation  r a te s  
in  300 mmol/1 NaCl a re  low er th a n  th o se  in  100 mmol/1 N ad , ex cep t fo r 

v e ry  h ig h  polym er d o sag es . In  g e n e ra l, a  h ig h e r  d e g re e  of 

floccu lation  is  o b ta in ed  in  th e  a b sen ce  of s a lt  fo r  polym er of cation ic  
c h a rg e  d e n s ity  30% o r  h ig h e r  o r  fo r  polym er of m olecular m ass le ss  
th a n  ab o u t 4 x 105.

F locculation  r a te s  h a s  been  fo u n d  to  be re la tiv e ly  low er in  th e  
p re se n c e  of th e  la rg e r  c o u n te r - io n s  to  th e  p a rtic le s . The la rg e r  ions 

a re  le s s  h y d ra te d  an d  more easily  a d so rb e d  on to  th e  p a rtic le s . The 

need  to  d isp lace  th e s e  more s tro n g ly  a d so rb e d  ions may lead  to  a lower 

flo ccu la tin g  ab ility  of th e  polym er. The re a so n  fo r  th e  sp ec ific  e ffe c ts  
of th e  co -io n s  to  p a r tic le s  on th e  floccu lation  of th e  d isp e rs io n  by 

polym er rem ains u n c lea r . The valency  of th e  c o u n te r - io n s  to  th e  
p a r tic le s  is  an  im p o rtan t fa c to r  in  th e  s ta b ility  of th e  d isp e rs io n .

H igher floccu lation  r a te s  a re  fo u n d  in  th e  p re se n c e  of ions of h ig h e r  

va len cy  ev en  when th e  e le c tro ly te  c o n c e n tra tio n s  of th e  low er valency  

io n s  a re  h ig h e r . The v a lency  an d  th e  s ize  of th e  flo ccu la tin g  ions, 
th e  c h a rg e  d e n s ity  of th e  polym er, an d  th e  co n ce n tra tio n  of th e  ions 

an d  polym er can  in flu en ce  th e  s ta b ility  of a  d isp e rs io n . R esu lts  

o b ta in ed  in  m ix tu res  of e le c tro ly te s  in d ic a te  th e  d e stab iliza tio n  of th e  

p a r tic le s  is  c h a rg e  re la te d . The s ta b ility  of th e  d isp e rs io n  is  

in te rd e p e n d e n t  on th e  ionic s t r e n g th ,  th e  ty p e  of e le c tro ly te s  an d  th e  

c h a ra c te r is t ic s  of th e  polym er.
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SUGGESTIONS FOR FURTHER WORK

The p re s e n t  experim en ta l in v e s tig a tio n  h as  p ro v id ed  an u se fu l 

in s ig h t  in to  th e  floccu lation  of a d ilu te  su sp e n s io n  of silica  p a r tic le s  

( s ize  range  l - 3 p .f n ) .  The re s e a rc h  is  lim ited to  one ty p e  of 

p a r tic le . F u r th e r  work can  be  c a r r ie d  o u t on o th e r  p a r tic le s  to  

v e r ify  th e  g e n e ra l t r e n d  o b se rv e d  w ith silica  p a r tic le s . The in flu en ce  
of p a r tic le  s ize  and  p a rtic le  c o n ce n tra tio n  can  also  be  in v e s tig a te d .

The work h a s  h ig h lig h te d  th e  b e h av io u r of cation ic  polym ers.

The floccu lation  m echanism s by  n o n -ion ic  an d  anionic polym ers may be 

d if fe re n t  from  cation ic  polym ers. T h ere  is  a  n eed  to  s tu d y  th e  u se  of 

no n -io n ic  and  anionic polym ers. The polym er floccu lation  ra te  can  be 

th e  ra te -lim itin g  s te p  when th e  polym er dosage  is  low o r when th e  
polym er is  of low c h a rg e  d e n s ity  an d  low m olecular m ass. A s tu d y  on 
th e  e ffe c t of s t i r r in g  r a te s  can  p ro v id e  f u r th e r  in fo rm ation  on th e  

k in e tic  of th e  floccu lation  p ro c e ss .

More work is  n eed ed  to  v e rify  th e  sp ec ific  e ffe c ts  of in o rg an ic  
e le c tro ly te s  on floccu lation  by po lym ers. O ther ty p e s  of p a r tic le s  and  

po lym ers sh o u ld  be te s te d .  D uring th e  15 m inutes floccu lation  tim e, 
th e  maximum R.M.S./DC Ratio h a s  n o t been  reach ed  fo r  most floccu lation  
te s t s .  I t  may be u se fu l to  allow th e  su sp e n s io n  to  floccu la te  u n til th e  
maximum Ratio value  is  re a ch e d  fo r  each  te s t s .  The re s u l ts  can  be 
com pared  to  in v e s t ig a te  th e  maximum d e g re e  of floccu lation  each  

po lym ers can  ach iev ed  an d  th e  re la tive  s t r e n g th  of th e  floes u n d e r  

sp ec ified  co n d itio n s .
The u se  of po lym ers h as  g re a t  p o te n tia l fo r  th e  rem oval of 

su sp e n d e d  p a r tic le s  from  w aters  of low p a rtic le  co n ce n tra tio n  in  d ire c t  

f i l tra tio n . The r e s u l ts  of th e  p re se n c e  in v e s tig a tio n  show th a t  a 

polym er of h ig h  c h a rg e  d e n s ity  an d  h ig h  m olecular m ass can  b rin g  

a b o u t ra p id  d estab iliz a tio n  of th e  p a r tic le s . I t  would be u se fu l to  

in v e s t ig a te  th e  dep o sitio n  of su sp e n d e d  p a r tic le s  a g g re g a te d  to  

d if fe re n t  d e g re e  of floccu lation  by  u s in g  polym ers of d if fe re n t 

c h a r a c te r is t ic s .
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Appendix I Size d istribution  of silica  particles

The size  d is tr ib u tio n  of th e  s ilica  su sp e n s io n  was de te rm in ed  with 
a C oulter C oun ter, u s in g  a 50  \im  o rif ice  tu b e . The co n ce n tra tio n  of 

th e  su sp e n s io n  fo r  Sample A an d  Sample B w ere 6.5 g/1 and  3.9 g/1 

re sp e c tiv e ly . 15\lI of th e  su sp e n s io n  was d ilu ted  to  20.0 ml w ith 2% 

sodium  ch lo rid e  so lu tio n . The sam ple volume was 0.05 ml.

to ta l count x  20P artic le  concentration = ------—________ _ „—  p a r t ic le s /m l
0.05  x  0 .015

Number of c o u n t

Size ra n g e  /  nm Sample A Sample B

0.95-1.00 1 1768 3316

1.00-1.50 3257 11915

1.50-2.00 2349 4271

2.00-2.50 2514 1867

2.50-3.00 1644 710

3.00-3.50 833 70

3.50-4.00 451 16

4.00-4.50 146 3

4.50-5.00 36 0

5.00-5.50 0 0

5.50-6.00 0 3

A verage d iam eter | 2.6 1.9

An a v e ra g e  d iam eter was e stim ated  by  assum ing  th e  d e n s ity  of th e  

s ilica  p a r tic le s  to  be  2 x 103 k g /m 3.

A verage  e q u iv a le n t d iam eter /  \im

_______________ so lid  content /  g / d m 3_______________
jt x \  x  d en sity  k g /m 3 x  p a r tic le  count /  d m 3

x  2 x 1 O'
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Appendix n  Size d istribution  of p o lystyren e latex particles

Size ra n g e  /  v-m | N um ber of co u n t

1.50-1.75 96

1.75-2.00 1495

2.00-2.25 3544

2.25-2.50 496

2.50-2.75 88

2.75-3.00 22

3.00-3.25 H

3.25-3.50 6

3.50-3.75 3

3.75-4.00 2

4.00-4.25 0

4.25-4.50 3

4.50-4.75 0

4.75-5.00 2

>5.00 1

Total c o u n t 5769
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