
RESULTS AND DISCUSSION
C H A P T E R  IV

In all experiments the concentrations of C8 and calcium ions were 
controlled so that there was no precipitation of calcium dicarboxylate 
occurred. Knowledge of the solubility product constant (KSp) values allows 
experimental conditions to be defined to insure that precipitation did not occur 
in the adsorption experiments. For systems consisting of divalent cation such 
as Ca2+ and a monovalent anionic surfactant, the concentration-based 
solubility product constant (KSp) is defined as follows;

KSp = [Ca2+] [Surfactant]2 (4.1)

where the bracketed values represent the concentration of species in a solution 
at equilibrium with the calcium dicarboxylate precipitation. The 
concentration-based KSp value of the calcium dicarboxylate species of C8 were 
determined to be 1.5xl0'6 M3 (Riviello, 1997). The experiments were carried
out at 30°c and the pH was fixed at value of 9.

4.1 Surfactant Adsorption Isotherms

The adsorption isotherm of C8 on carbon black is illustrated in Figure
4.1. The adsorption of C8 on the carbon black in Region I was not observed 
because the C8 concentrations were too low and the carbon black could 
contaminate in the equilibrium C8 concentration, which was detected by TOC. 
The orientation of the C8 molecules initially may be parallel to the carbon 
surfaces or slightly tilted or L-shaped, with the hydrophobic group close to the 
surface and the hydrophilic group oriented toward the aqueous phase. As 
adsorption continues, the adsorbed molecules may become oriented more and
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more perpendicular to the surface with hydrophilic heads oriented toward the 
aqueous solution (Rosen, 1989). The adsorption isotherm of C8 on paper fiber 
appeared to be S-shape as shown in Figure 4.2 (Rosen, 1989). The adsorption 
of C8 remained almost constant at low C8 concentrations. As increasing C8 
concentration, the C8 adsorption increased rapidly then nearly constant when 
the paper fiber surfaces were covered with monolayer or bilayer of C8.

For each isotherm, the adsorption of C8 at low range of C8 
concentration increased with increasing the equilibrium C8 concentrations. 
However, the adsorption was nearly constant above the CMC, 350000 pM as 
reported by Mukerjee and Mysel (1970). The maximum adsorption of C8 on 
the carbon black was approximately 7.1 pmole/m2 and the maximum 
adsorption of C8 on paper fiber was approximately 7.8 pmole/m2. The 
theoretical maximum adsorption corresponding to saturation of the entire 
surface by either monolayer or bilayer can be calculated from the area of 
single adsorbed surfactant molecule. Adamson (1990) reported an area of
20.5 Â2 for a carboxylate molecule adsorbed in close-packed orientation on 
surfaces such as carbon black. Using this value, monolayer coverage would 
require 8.1 pmole/m2. Bilayer coverage would result in the doubling of this 
value. The maximum adsorption of C8 on carbon black and paper fiber from 
the experiments corresponded to 87.7% and 96% of monolayer coverage, 
respectively.
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Figure 4.1 The adsorption isotherm of C8 on carbon black without calcium 
addition.
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Figure 4.2 The adsorption isotherm of C8 on paper fiber without calcium 
addition.
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Figure 4.3 is a comparison of the C8 adsorption isotherms on both 
carbon black and paper fiber. The carbon black and paper fiber have the same 
loading of adsorbate based on dry surface area of 96 m2/g for carbon black and 
100 m2/g for paper fiber. The surface of the carbon black is hydrophobic and 
the surface o f the paper fiber is hydrophilic (Rosen, 1989). For the carbon 
black and paper fiber in water, the PZC were determined to be approximately
2.3 and 3.6, respectively. Indicating that at pH levels above 2.3, the carbon 
black has a net negative charge and pH above 3.6, the paper fiber has a net 
negative charge. In all experiments, the pH of 9 was carried out so that the 
carbon black and paper fiber surfaces had a negatively charged. These data 
suggested that C8 had the same affinity for the carbon black and the paper 
fiber.

Equilibrium concentration of C8 (pM)

Figure 4.3 The C8 adsorption isotherms on carbon black and paper fiber 
without calcium addition.
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Adsorption of C8 on the carbon black in the presence of varying initial 
calcium concentrations is shown in Figure 4.4. In the experiments, the C8 
concentrations were varied from 1,000 to 700,000 pM, 1,000 to 200,000 pM,
1,000 to 40,000 pM and 1,000 to 30,000 pM for the initial calcium 
concentration of 0, 100, 700 and 1000 pM, respectively. The results showed 
that increasing initial calcium concentrations led to increase the adsorption of 
C8 on the carbon surfaces. As shown in Figure 4.5, increasing the adsorption 
of C8 caused adsorption of calcium ions on carbon black increased, 
presumably as the cations associated with exposed anionic surfactant head 
groups, which led to a decrease in the repulsive forces among the head groups 
of surfactants. Moreover, decreasing the electrical repulsion between the 
similar charged adsorbed ions resulted in closer packing.

Interesting result was observed in this experiment, the adsorption of 
C8 increased when the initial calcium concentrations increased at low level of 
C8 concentrations. The mechanism of anionic surfactant and calcium 
adsorption was suggested that surfactant molecule was lied flat on the carbon 
surface, the calcium ions exposed to the head group of the surfactant and 
induced the other surfactant molecule to adsorb on the carbon surface. On the 
other hand, the adsorption of C8 did not increase at high C8 concentrations 
when the initial calcium concentrations increased. Due to the C8 
concentration increased, the number of C8 molecules on the carbon surface 
increased, the adsorbed molecules formed as orientation or surface saturated 
with the monolayer covered on the carbon surfaces so there was not enough 
surface for increasing the adsorption of C8.

4.2 E ffect o f C alcium  C oncen tra tion  on the S u rfa c ta n t A dsorp tion
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Figure 4.4 The adsorption isotherms of C8 on carbon black with varying 
initial calcium concentration.
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Figure 4.6 shows the adsorption of C8 on the paper fiber in the 
presence of varying initial calcium concentrations. The C8 concentrations 
were varied from 500 to 800,000 pM, 1,000 to 35,000 pM and 1,000 to 10,000 
pM for initial calcium concentration of 0, 100 and 1,000 pM, respectively. 
The addition of various amounts of calcium had effect on adsorbed C8 density 
on the paper fiber surfaces. The adsorption of C8 slightly increased with 
increasing the initial concentration of calcium ions. This type of cooperative 
adsorption was common with ionic surfactants in the presence of oppositely 
charged ions and was due to diminished electrostatic repulsion between the 
head groups of the surfactants caused by binding or coadsorption of 
counterion.

In most instances, adsorption of the calcium ions also increased with 
increasing surfactant concentration, C8 adsorption increased due to association 
with exposed head groups of the anionic surfactants. This trend is observed in 
Figure 4.5 by the data set for adsorption of calcium ions on the carbon black as 
a function of C8 adsorption. Flowever, the opposite trend is observed for 
C8/fiber system as shown in Figure 4.7, increasing the adsorption of C8, the 
adsorption of calcium on paper fiber decreased. This effect was observed by 
Riviello (1997) and he suggested that there might be due to the expulsion of 
calcium that was associated with the paper fiber. These results indicated that 
there was an association between the carboxylate and the paper fiber surface.

Consideration of the results illustrated that adsorption of C8 on carbon 
black was higher than that on the paper fiber occurring at low equilibrium 
concentration of C8 (1,000-10,000 pM). At higher concentrations of C8, the 
adsorption of C8 on both carbon black and paper fiber were the same loading 
and nearly constant as increasing initial calcium concentration. The data 
depicted an apparent window of opportunity for preferential flotation of the 
carbon black with respect to the C8 concentration.
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F ig u r e  4 .8  an d  F ig u re  4 .9  illu stra te  th e  a d so r p tio n  o f  c a lc iu m  o n  th e  
ca rb o n  b la c k  an d  p a p er  fib er  in  th e  a b se n c e  o f  C 8  an d  s h o w  th e  a ff in ity  o f  
c a lc iu m  io n  a d so r p tio n  to  b e  s im ila r  m a g n itu d e  to  that o f  th e  C 8  a d so rp tio n .  
T h e  c a lc iu m  io n s  w e r e  a ttracted  b y  th e  n e g a t iv e ly  c h a r g e d  s ite s  o n  th e  ca rb o n  
su r fa c e s  r e su lt in g  fro m  su r fa c e  o x id a t io n  an d  w e r e  a tta ch ed  to  th e  n e g a t iv e  
s ite s  o n  th e  p a p er  fib er  r e su lt in g  fro m  io n iz a t io n  o f  th e  c a r b o x y la te  an d  
h y d r o x y l. G e n e r a lly , b are c a t io n s  are sm a lle r  th an  a n io n s , an d  th e y  b o n d  
te n a c io u s ly  to  h y d ra tin g  w a te r  m o le c u le s .  T h e  in te r a c tio n  b e tw e e n  a d so r b e d  
c a lc iu m  io n s  w a s  n o t a b le  to  o c c u r  s in c e  a q u e o u s  m o le c u le s  su rro u n d in g  
a d so rb ed  io n s  an d  th e  la tera l in tera c tio n s  w e r e  r e p u ls iv e , n o t a ttra c tiv e . 
C o n se q u e n t ly , it c o u ld  b e  c o n c lu d e d  that th e  a d so rp tio n  o f  th is  ty p e  is  p u r e ly  
e le c tr o s ta t ic  an d  n o n -a s s o c ia t iv e  (R iv ie l lo ,  1 9 9 7 ) . T h e  io n ic  ra d iu s o f  c a lc iu m  
io n  w a s  0 .0 9 9  n m  (R u s s e l l ,  1 9 9 2 ) . T h e  c lo s e -p a c k e d  m o n o la y e r  c o v e r a g e  o f  

a d so rb ed  c a lc iu m  fro m  c a lc u la t io n  w a s  1 6 7 .8  p m o le /m 2 (K o rn p ra p a k u l, 2 0 0 0 ) .  
T h e  p la tea u  a d so r p tio n  o f  c a lc iu m  io n s  o n  ca rb o n  b la c k  an d  p a p er  fib er  

su r fa c e s  fo u n d  in  th is  w o r k  w e r e  a p p r o x im a te ly  0 .8 8  p m o le /m 2 an d  1 .9 8  p  
m o le /m 2 c o r r e sp o n d in g  to  0 .5 2 %  an d  1 .18%  o f  c lo s e -p a c k e d  m o n o la y e r  
c o v e r a g e , r e s p e c t iv e ly .

4.3 C alcium  A dsorp tion  Iso therm s
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Figure 4.8 T h e  a d so rp tio n  iso th erm  o f  c a lc iu m  o n  ca rb o n  b la c k  in th e  
a b se n c e  o f  C 8 .
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T h e  e f f e c t  o f  C 8  c o n c e n tr a tio n s  o n  th e  a d so r p tio n  o f  c a lc iu m  o n  
c a rb o n  b la c k  is  s h o w n  in  F ig u re  4 .1 0 .  T h e  r e su lts  o f  c a lc iu m  a d so r p tio n  
in c r e a se d  w ith  in c r e a s in g  C 8  c o n c e n tr a tio n s , b e c a u s e  th e  s y n e r g is t ic  
c o a d so r p tio n  is o b se r v e d . T h e  a d so rb ed  C 8  o n  th e  ca rb o n  b la c k  w a s  in th e  
fo rm  o f  th e  la y in g  d o w n  c o n fig u r a tio n . T h e  h y d r o p h o b ic  ta il g ro u p  o f  C 8  
in tera c ted  w ith  th e  ca rb o n  su r fa c e  th en  th e  c a lc iu m  io n  w a s  b in d in g  to  th e  
e x p o s e d  n e g a t iv e  c h a rg ed  g rou p . T h e s e  s itu a tio n s  m ig h t  in c r e a se  th e  
a d so r p tio n  o f  c a lc iu m  io n  w h e n  th e  c o n c e n tr a tio n  o f  C 8  in c r e a se d .

F ig u r e  4 .1 1  d e p ic ts  th e  e f fe c t  o f  th e  C 8  c o n c e n tr a t io n  o n  th e  
a d so r p tio n  o f  c a lc iu m  o n  p a p er  fib er . T h e  a d so rp tio n  o f  c a lc iu m  io n s  s l ig h t ly  
d e c r e a se d  w ith  in c r e a s in g  C 8  c o n cen tra tio n . B e c a u s e  th e  C 8  a d so r b e d  o n  th e  
f ib e r  w ith  h o r iz o n ta l la y -d o w n  c o n fig u r a tio n , th e  h y d r o p h o b ic  part o f  C 8  
m o le c u le  c o v e r e d  o n  th e  n e g a t iv e ly  c h a rg ed  s ite s  o f  f ib e r  w h ic h  m ig h t  
c o n s e q u e n t ly  b e  th e  barriers for  c a lc iu m  io n s  to  b e  a d so r b e d  o n  th e  r e m a in in g  
n e g a t iv e ly  c h a r g e d  s ite s  as c a lc iu m  a d so rp tio n  d e c r e a se d . T h e  o th er  r e a so n  
w a s  th e  e x p u ls io n  o f  c a lc iu m  w h ic h  w a s  a s s o c ia te d  w ith  fib er  ( R iv ie l lo ,  1 9 9 7 ) .  
T h e s e  r e su lts  c o n f ir m e d  that th ere  w a s  an  a s s o c ia t io n  b e tw e e n  th e  c a r b o x y la te  
an d  th e  fib er  su r fa ce .

4.4 E ffect o f S u rfa c ta n t C oncen tra tion  on the C alcium  A dso rp tio n
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4.5 Zeta Potential Measurements

T h e  z e ta  p o te n tia l d ir e c t ly  r e la te s  to  th e  d isp e r s io n  o f  p a r tic le s . T h is  
m e a su r e m e n t is  an e s t im a tio n  o f  th e  e le c tr ic a l ch a rg e  o f  a p a r tic le  at th e  sh ear  
la y e r  o f  a d so rp tio n  as d e te r m in e d  b y  its e le c tr o p h o r e tic  m o b il ity . T h e  p o in t at 
th e  z e ta  p o te n tia l o f  z e r o  is  c a lle d  th e  p o in t  o f  zero  c h a r g e  (P Z C ). T h e  P Z C  
w a s  d e te r m in e d  to  b e  a p p r o x im a te ly  2 .3  for  ca rb o n  b la c k  in w a te r  and  
a p p r o x im a te ly  3 .6  for  fib er  in w a ter .

F ig u re  4 .1 2  s h o w s  th e  z e ta  p o te n tia l o f  th e  ca rb o n  b la c k  a s a fu n c tio n  
o f  e q u ilib r iu m  C 8  c o n c e n tr a tio n  w ith  v a r y in g  in itia l c a lc iu m  c o n c e n tr a t io n s .  
F ro m  th e  r e su lt  o f  th e  z e ta  p o te n tia l o f  th e  ca rb o n  b la c k  w ith o u t  c a lc iu m  
a d d itio n , th e  C 8  c o n c e n tr a tio n  had  e s s e n t ia l ly  n o  e f f e c t  o n  th e  m e a su r e d  z e ta  
p o te n tia l e v e n  th o u g h  th e  a d so rb ed  m o le c u le s  carried  a n e g a t iv e  c h a r g e . T h e  
la c k  o f  z e ta  p o te n tia l m ig h t re su lt  fro m  c o u n te r io n  b in d in g  o f  th e  a s s o c ia te d  
s o d iu m  io n s  to  th e  r e la t iv e ly  sm a ll a m o u n t o f  C 8  a d so r b e d  to  th e  su r fa ce . 
F lo w e v e r , w h e n  c a lc iu m  io n s  w e r e  ad d ed  to  th e  sy s te m , th e  z e ta  p o te n tia l o f  
th e  ca rb o n  p a r tic le s  d e c r e a se d  d ra m a tica lly  as s h o w n  in  F ig u r e s  4 .1 2  an d  4 .1 3 ,  
r e g a r d le ss  o f  th e  C 8  co n c e n tr a tio n . It w a s  p ro b a b ly  d u e  to  c a lc iu m  io n s  
n e u tr a liz e d  th e  n e g a t iv e ly  ch a rg ed  s ite  o n  ca rb o n  su r fa c e s  an d  h y d r o p h ilic  o f  
C 8 . F or s y s te m  w ith  C 8  p r e se n te d , th e  z e ta  p o te n tia l o f  ca rb o n  b la c k  w a s  
o b se r v e d  to  b e  a fu n c tio n  o n ly  o f  th e  c a lc iu m  io n  c o n c e n tr a tio n  an d  w a s  n o t  
su b s ta n tia lly  a f fe c te d  b y  th e  C 8  c o n c e n tr a tio n . In te r e s t in g ly , C 8  a d d itio n  
a c tu a lly  c a u se d  a r e d u c tio n  in  th e  m a g n itu d e  o f  th e  z e ta  p o te n t ia l  o f  th e  ca rb o n  
b la c k  w h e n  c a lc iu m  io n s  w e r e  p r e se n te d . T h is  e f f e c t  m ig h t  r e f le c t  th e  
sy n e r g is t ic  c o o p e r a t iv e  a d so rp tio n  o f  th e  c a lc iu m . B e c a u s e  th e  z e ta  p o te n tia l  
c o u ld  d ir e c t ly  r e la te s  to  th e  a g g r e g a t io n  p o te n tia l o f  p a r tic le s , it m ig h t  b e  
a ssu m e d  that a g g lo m e r a t io n  o f  th e  ca rb o n  w a s  in d e p e n d e n t  o f  th e  C 8  
c o n c e n tr a tio n .

1 ฬ 6  o4 c t> ฯ
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Figure 4.12 T h e  re la tio n  b e tw e e n  z e ta  p o te n tia l o f  ca rb o n  b la c k  and  
e q u ilib r iu m  C 8  c o n c e n tr a tio n  at v a r io u s  in itia l c a lc iu m  c o n c e n tr a tio n

Figure 4.13 T h e  re la tio n  b e tw e e n  z e ta  p o te n tia l o f  carb on  b la c k  and  
e q u ilib r iu m  c a lc iu m  c o n c e n tr a tio n  at v a r io u s  in it ia l C 8  c o n c e n tr a tio n .
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F ig u r e  4 .1 4  s h o w s  th e  z e ta  p o te n tia l o f  th e  p a p er  fib er  as a  fu n c tio n  o f  
e q u ilib r iu m  C 8  c o n c e n tr a tio n  w ith  v a r y in g  in itia l c a lc iu m  c o n c e n tr a t io n s . T h e  
resu lt  in d ic a te d  that a d d in g  C 8  c o n c e n tr a tio n  in  th e  a b se n c e  o f  c a lc iu m  c a u se d  
th e  a b so lu te  m a g n itu d e  o f  n e g a t iv e  z e ta  p o te n tia l d e c r e a se d  a p p r o x im a te ly  10 
m V , from  3 0  to  2 0  m V , w ith  C 8  a d so rp tio n  o n  th e  su r fa c e  e v e n  th o u g h  th e  
a d so rb ed  m o le c u le s  carried  a n e g a t iv e  ch a rg e . B e c a u s e  C 8  m ig h t  b e  a d so rb ed  
o n  th e  p a p er  fib er  su r fa c e  w ith  th e  h o r izo n ta l la y -d o w n  c o n fig u r a t io n  w h ic h  
m a d e  th e  h y d r o p h o b ic  part o f  C 8  m o le c u le s  c o v e r e d  m o re  o n  th e  n e g a t iv e ly  
c h a r g e d  s ite s  o f  p a p er  fib er  su r fa c e s . In a ll c a s e s ,  in c r e a s in g  c a lc iu m  
c o n c e n tr a t io n  further d e c r e a se d  th e  a b so lu te  m a g n itu d e  o f  z e ta  p o te n tia l as  
s h o w n  in  F ig u r e  4 .1 4  and F ig u re  4 .1 5  b e c a u se  c a lc iu m  io n s  n e u tr a liz e d  th e  
n e g a t iv e ly  c h a r g e d  s ite s  o n  fib er  su r fa c e  and h y d r o p h ilic  g r o u p s  o f  C 8 .

T h e  C 8  c a u se d  a c h a n g e  o f  a p p r o x im a te ly  10 m V  in  th e  z e ta  p o te n tia l  
o f  p a p er  f ib e r  fo r  s y s te m  w ith  C 8  p r esen ted  w h ile  th e  z e ta  p o te n tia l o f  ca rb o n  
b la c k  w a s  o n ly  a 3 m V . T h e s e  r e su lts  w e r e  l ik e ly  to  b e  a n o th er  m a n ife s ta t io n  
o f  th e  a n o m a lo u s  a s s o c ia t io n  b e tw e e n  th e  c a r b o x y la te  an d  th e  fu n c t io n a l  
g r o u p s  o n  th e  fib er  su r fa c e  as m ig h t b e  p r e d ic te d  fro m  th e  a d so r p tio n  d ata  an d  
th e  o b se r v e d  th e  c a lc iu m  e x c lu s io n  e f fe c t  (R iv ie l lo ,  1 9 9 7 ) .
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Figure 4.14 T h e  re la tio n  b e tw e e n  z e ta  p o te n tia l o f  p a p er  fib er  an d  
e q u ilib r iu m  C 8  c o n c e n tr a tio n  at v a r io u s  in it ia l c a lc iu m  c o n c e n tr a tio n .

F igu re  4.15 The relation between zeta potential o f  paper fiber and
equilibrium  calcium concentration at various initial C8 concentration.
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In ord er to  re la te  th e  a d so rp tio n  and th e  z e ta  p o te n tia l d ata  to  c o lle c to r  
c h e m is tr y  m e c h a n ism s , it w a s  su g g e s te d  that th e  m e c h a n ism s  o f  c o l le c to r  
c h e m is tr y  w e r e  a d so r p tiv e -b a se d  rather than  p r e c ip ita t iv e -b a se d . E x p e r im e n ts  
c o n d u c te d  b e lo w  th e  K Sp o f  th e  c a lc iu m -d ic a r b o x y la te  (n o  p r e c ip ita t io n )  
e x h ib ite d  th e  r e d u c tio n  o f  z e ta  p o te n tia l that im p lie d  to  th e  a g g r e g a t io n  o f  
ca rb o n  fo r  th e  C 8 /C a 2+ sy s te m . T h e  b u lk  p h a se  p r e c ip ita t io n  w a s  n o t  
n e c e s sa r y  fo r  a g g lo m e r a t io n  (R iv ie l lo ,  1 9 9 7 ) . T h e  r e su lts  o f  th e  a d so rp tio n  
an d  th e  r e d u c tio n  o f  z e ta  p o te n tia l su g g e s te d  that th e  c a r b o x y la te  m o le c u le  
c o m p le x  in  a c o o p e r a t iv e  a d so rp tio n  m e c h a n ism  c o u ld  c a u se  a g g r e g a tio n .  
C o n s id e r a t io n  o f  th e  r e su lts  p r esen ted  in th is  in v e s t ig a t io n  led  to  th e  
c o n c lu s io n  th at th e  C 8  e x h ib ite d  s y n e r g is t ic  c o a d so r p tio n  o f  th e  su r fa c ta n t an d  
c a lc iu m  io n s . C 8  in tera cted  w ith  th e  c a lc iu m  to  c a u se  ca rb o n  b la c k  p a r tic le  
a g g r e g a t io n  an d  a tta ch m en t to  th e  a ir -w a ter  in te r fa c e  o f  r is in g  b u b b le s . F ig u re
4 .1 6  s c h e m a t ic a lly  illu stra te s  th is  p r o p o se d  sc e n a r io . W h ile  c a lc iu m  io n s  m a y  
e le c tr o s ta t ic a lly  a d so rb ed  o n to  o x id iz e d  s ite s  o n  th e  ca rb o n  b la c k  c a u s in g  
d e c r e a se d  su r fa c e  ch a rg e . A s s o c ia t io n  o f  th e  d iv a le n t  c a t io n  w ith  th e  h ea d  
g ro u p  o f  th e  c a r b o x y la te  m ig h t crea te  lo c a liz e d  r e g io n s  o f  h y d r o p h o b ic  
c a lc iu m -c a r b o x y la te  c o m p le x , w h ic h  m ig h t a id  in th e  a tta c h m e n t o f  th e  ca rb o n  
b la c k  p a r tic le  to  th e  g a s /w a te r  in ter fa ce  o f  a r is in g  b u b b le .

F ig u re  4.16 Schematic o f  proposed collector chemistry mechanism  depicting
the association o f the calcium ions with the adsorbed C8.
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