
4 .1  S u r f a c t a n t  A d s o r p t io n  I s o t h e r m s

T here  are several factors strongly  in fluencing  su rfactan t adsorp tion  at 
the so lid -liqu id  in terface  such as nature  o f  structural groups on th e  surface, 
m olecu lar structure  o f  su rfactan t and the environm ent o f  aqueous solution. 
F or th is thesis, p H  o f  system  and electro ly te  conten t (ca lc ium  concen tration) 
w ere  selected  to  e lucidate  the adsorp tion  behav ior o f  su rfactan t on  carbon 
black.

4.1.1 E ffec t o f  pH  o f  Suspension
In th is section , pH  o f  7 and 9 w ere selected  for m odera te  basic 

pH  condition  to  im itate  conditions o f  traditional deink ing  operations. F igure
4.1 illustrates the adsorp tion  o f  sodium  dodecyl su lfate  (SD S) versus 
equilib rium  concen tration  at pH  o f  7 and 9 in the absence o f  calcium . 
C om paring  the adsorp tion  iso therm s, the adsorp tion  at pH  o f  7 w as slightly  
greater than  the adsorp tion  at pH  o f  9 in all reg ions. A s the pH  o f  the aqueous 
phase  w as reduced , the so lid  su rface becam e m ore positive  or less negative 
due to  the adsorp tion  o f  pro tons onto  charged  sites. T his consequence led to 
increase in the adsorp tion  o f  an ion ic  surfactants. F o r carbon  b lack  in w ater, 
the po in t o f  zero charge (PZ C ) w as determ ined  to  be  approxim ate ly  2.3 
ind icating  th at the carbon  b lack  had a net negative charge  at pH  levels above
2.3 (R iv iello , 1997).

R esults o f  adsorp tion  iso therm s on carbon  b lack  at both  pH  o f  7 
and 9, p lo tted  on log-log scale, w ere  d ifferen t from  typical adsorption  
iso therm s, w hich  w ere observable  the four d istinct reg ions. A t sm all
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equilibrium  SDS concen tration  (from  po in t A  to B show n in F igure  4 .1), the 
iso therm  shape w as sim ilar to  L angm uir-type  isotherm . T he slope o f  isotherm  
from  A  to  B w as linear. It w as expected  that the m onom eric  surfactants 
adsorbed  on the su rface  w ithou t sign ifican t association  or aggregation  o f  
adsorbed surfactants. T he horizon tal or lay ing-dow n configuration  o f  
adsorbed surfactan ts w as possib le  to  occur, and the in teraction  o f  adsorbed 
surfactants m igh t be hydrophob ic  chain /surface in teraction . T he adsorp tion  o f  
surfactants in this o rien tation  m igh t rem ain  until com plete  m onolayer 
coverage (from  B to  C). B eyond th is stage, the slope o f  iso therm  w as steep 
again as su rfactan t concen tration  increased. T he m arked  in flection  point 
occurred  at c. T he adsorp tion  o f  surfactants m ight be m ore close pack ing , and 
the in teraction  o f  adsorbed surfactan ts m ight be hydrophob ic  chain/chain  
in teraction . H ow ever, from  log-log adsorp tion  isotherm  at pH  o f  7 and 9, the 
slope o f  such area (from  po in t c  to D ) w as not greater than  unity. It m ight be 
indicated  that the adsorp tion  o f  SDS on carbon  b lack  w as m ainly 
unassociative  or at least not strongly  associative. T he p lateau  or m axim um  
adsorption  o f  SDS at pH  o f  7 and 9 w as approxim ately  2 .06 p m ole /m 2 and 
occurred  near CM C o f  SDS, 8300 pM  (M ukerjee and M ysel, 1970).

The approxim ate adsorp tion  corresponding  to  saturation  o f  
surface by either a m onolayer or a b ilayer can be determ ined  from  the area  o f  
single adsorbed  su rfactan t m olecule. The approxim ate  value for area per 
m olecu le  o f  SDS adsorbed  in c lose-packed  perpend icu lar o rien tation  on 
surfaces such as carbon b lack w as 53 A°2 (R osen, 1989). C alcu lating  this 
value, the c lose-packed  m onolayer coverage w ould  require  3.13 pm ole /m 2. 
B ilayer coverage w ould  give in the double o f  th is value. T he p lateau 
adsorption  from  the experim ent corresponded to 65 .73%  o f  m onolayer 
coverage for SDS.



1 0  100 10 0 0  1 0 0 0 0  1 0 0 0 0 0
Equilibrium concentration of SDS (|uM)

F ig u re  4.1 The adsorption isotherm s o f  SDS versus equilibrium  SDS concen tration  at pH  o f  7 and 9.
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4.1 .2  E ffect o f  C alcium  C oncen tration
In the adsorp tion  and electrophoretic  experim ents, SDS and 

calcium  concen trations w ere  con tro lled  so th at no p rec ip ita tion  o f  calcium  
didodecyl su lfate  com plexes occurred. O n the phase boundary , the precip ita te  
phase is in equilibrium  w ith  d isso lved  surfactan t and calcium . F or system s 
consisting  o f  a d ivalen t cation  such as C a2+ and a m onovalen t anionic 
surfactant, the concen tration-based  so lubility  p roduct constan t (K Sp) is defined 
as follow s;

K Sp -  [Ca2+][D S ']2 (4.1)

w here the bracketed  values rep resent the concen tration  o f  species in the 
solution at equilib rium  w ith  the calcium  didodecyl su lfate  precip ita te . The 
concen tration-based  K Sp o f  calcium  didodecyl su lfate at 30°c w as 6 .0 x lO '10M 3 
(R iviello , 1997) and the activ ity-based  K Sp w as 5 .0 2 x l0 '10 M 3 (S tellner and 
Scam ehorn, 1989).

F igures 4 .2  and 4.3 depict the adsorption  o f  SDS on carbon 
b lack  at constan t pH  o f  7 and 9 as vary ing  calcium  concen trations. In  all 
experim ents, the in itial calcium  concen trations w ere varied  from  100 to  1000 
pM , and SDS concentrations w ere  varied  from  8000 to  60000 pM  and  from  
14000 to 45000 pM  for in itial calcium  concen tration  100 and 1000 pM , 
respectively . T herefore the concentrations o f  calcium  and SDS at equilibrium  
rem ained  below  the K Sp value. A t increasing calcium  concen tration  levels, the 
adsorp tion  o f  SDS on carbon surfaces increased, because an increase in ionic 
salt led to  a decrease in the repulsive forces betw een  the head  groups o f  
surfactants. M oreover, decreasing the electrical repulsion  betw een  the 
sim ilarly  charged  adsorbed ions perm itted  c loser pack ing . F rom  the 
experim ents, the p lateau  adsorptions o f  SDS at in itial calcium  concen tration  o f



UMttmnO'W
IKTMflUUW  ̂U81#l. Â__------------—"*

Equilibrium  SDS concentration (pM )
F ig u r e  4 .2  A dsorp tion  iso therm s o f  SDS on carbon b lack  at pH  o f  7 
w ith  vary ing  in itial calcium  concentration.

Equilibrium  SDS concentration (pM )

F ig u r e  4.3 A dsorp tion  iso therm s o f  SDS on carbon b lack  at pH  o f  9 
w ith  vary ing  in itial calcium  concentration.
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100, 700, and 1000 fiM w ere  2.10, 2.11 and 2.18 p m ole /m 2, respective ly  for 
pH  o f  7 and 2.08, 2.09, and 2.13 p m o le /m 2, respectively  for pH  o f  9.

F igures 4 .4  and 4.5 dem onstrate  the relationship  o f  calcium  
adsorp tion  and SDS adsorp tion  w ith  vary ing  equilibrium  SDS concen tration  at 
pH  o f  7 and 9. The results show ed that at constan t equilib rium  SDS 
concen tration  w hen  the adsorp tion  o f  calcium  increased, the adsorp tion  o f  
SDS also increased. In the sam e w ay, w hen the adsorption  o f  SDS increased, 
the adsorp tion  o f  calcium  also increased. This m igh t indicate the cooperative 
adsorp tion  w ith  ionic su rfactants in the presence o f  opposite ly  charged  ions. 
The electrostatic  repulsion  w as d im inished am ong the head  groups o f  
surfactants by association  o f  the counterion , and this association  w as not 
precip ita tion  process.

The adsorption  o f  calcium  on the carbon b lack  in the absence o f  
SDS at pH  o f  7 and 9 is show n in F igure 4.6. The resu lt o f  calcium  adsorption  
iso therm s w as L angm urian  shape, indicating  that the adsorp tion  o f  calcium  
w as m onolayer coverage. T he adsorption  o f  calcium  ions w as a ttracted  by 
negatively  charged sites on the carbon surfaces resu lting  from  surface 
oxidation. The ionic rad ius o f  calcium  w as 0.099 nm  (R ussell, 1992). The 
c lose-packed  m onolayer coverage o f  adsorbed calcium  from  calcu lation  w as
167.8 pm ole /m 2. The p lateau  adsorptions o f  calcium  ions on carbon  surface at 
pH  o f  7 and 9 w ere  approxim ately  0.36 and 0.79 p m ole /m 2 corresponding  to 
0 .21%  and 0.47%  o f  close-packed  m onolayer coverage, respectively . 
G enerally , bare cations are sm aller than anions, and they  bond tenaciously  to 
hydrating  w ater m olecules (O ldham  and M yland, 1994). T he in teraction  
betw een  adsorbed  calcium  ions w as not able to occur since aqueous m olecules 
su rrounded  adsorbed  ions and the lateral in teractions w ere repulsive, not 
attractive. C onsequently , it could  be concluded that the adsorp tion  o f  calcium  
on carbon surfaces w as purely  electrostatic  and non-associative.
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F ig u r e  4 .4  SDS adsorp tion  versus calcium  adsorp tion  at pH  7 w ith  varying 
equilib rium  SDS concentration .
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4.1.3 E lectrophoretic  D eterm ination
Z eta  po ten tia l is an approxim ation  o f  su rface poten tia l. It is the 

e lectrical po ten tia l a t the shear p lane  be tw een  S tem  layer and d iffuse layer. It 
is an im portan t feature because  ze ta  po ten tia l can  be m easured  in a  fairly 
sim ple m anner, w hile  the su rface  poten tia l cannot. Z e ta  po ten tia l is an 
effective tool fo r coagulation  contro l because o f  changes in the repu lsive  force 
betw een  colloids.

F igure  4.7 illustrates the zeta  po ten tia l o f  carbon  b lack  as a 
function  o f  equilib rium  SDS concen tration  w ithout calcium  addition  at pH  o f  
7 and 9. T he resu lts ind icated  the positive  effect o f  SDS on the m easured  zeta 
po ten tia l. W hile the  equilib rium  SDS concen tration  increased, the absolute 
zeta  po ten tia l o f  carbon  also increased. Since the adsorbed  SDS on carbon 
exposed the negatively  charged  group to  the solution, and the hydrophob ic  tail 
g roup in teracted  w ith  the surface, therefore  the absolute zeta  po ten tia l o f  
carbon  increased  w ith  increasing  SDS concentration . A t constan t equilibrium  
SDS concen tration , the abso lu te  zeta  poten tial o f  carbon at pH  o f  9 w as 
slightly  g reater than  one at pH  o f  7. B ecause the effect o f  pH  betw een  7 and 9 
w as not sign ifican t to  the SDS adsorp tion  on carbon surface, the net negative 
charge on carbon  surface at pH  o f  9 rem ained  h igher than one at pH  o f  7.

F igures 4.8 and 4.9  depict the zeta  po ten tia l o f  carbon  versus 
equilib rium  SDS concen tration  as vary ing  calcium  concen tration  at pH  o f  7 
and 9. W ith constan t equilib rium  SDS concentration , the abso lu te  zeta 
po ten tia l o f  carbon  decreased at increasing  calcium  levels. It w as probably  
because calcium  ions neutra lized  the negatively  charged  sites on carbon 
surfaces and hydrophilic  groups o f  SDS, consequently , the net negative 
charges on carbon  adsorbents decreased.

F igure  4 .10 show s the relationships o f  adsorp tion  iso therm s and 
zeta po ten tia l versus equilib rium  SDS concen tration  at pH  o f  7 and 9 in the 
absence o f  calcium . A t low  SDS adsorption , the negative ze ta  poten tial
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Figure 4.8 Zeta potential of carbon black versus equilibrium SDS concentration 
at pH of 7 with varying initial calcium concentration.

Equilibrium SDS concentration (pM)
Figure 4.9 Zeta potential of carbon black versus equilibrium SDS concentration 
at pH of 9 with varying initial calcium concentration.
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increased slightly from -23.8 to -27.1 mV at pH of 7 and from -26.8 to -28.7 
mV at pH of 9. After that the negative zeta potential decreased significantly 
from -27.1 to -38.6 mV at pH of 7 and from -28.7 to -39.8 mV at pH of 9 as 
increasing SDS adsorption more. Finally, the zeta potential was fairly 
constant at SDS concentration slightly beyond the CMC of SDS.

4.2 Calcium Adsorption Isotherms

The purpose of this experimental part is to study the role o f small 
concentrations of SDS to calcium adsorption on carbon black. Many research 
works indicate that electrolytes or counterions result dramatically on the 
adsorption of surfactants. Addition of neutral electrolyte such as NaCl or KBr 
causes a decrease in the adsorption of the ionic surfactants onto the oppositely 
charged adsorbents and an increase in their adsorption onto the similarly 
charged adsorbents. Conversely, the addition of surfactants such as anionic 
surfactants should obtain whether positive or negative effect on the adsorption 
of counterions.

4.2.1 Effect of Surfactant Concentration
Figures 4.11 and 4.12 illustrate the effect of SDS concentration 

on the adsorption o f calcium at pH of 7 and 9. The results o f calcium 
adsorption isotherms at varying SDS concentration were Langmurian curves, 
and the adsorption of calcium ion decreased at increasing SDS concentration. 
Because the monomeric SDS probably adsorbed onto carbon surface in the 
horizontal or laying-down configuration, some parts of hydrophobic tail group 
might locate at negatively charged sites, which might consequently be the 
barriers for calcium ions to be adsorbed on the remaining negatively charged 
sites as calcium adsorption decreased. Another possible reason to explain was 
that the amount of SDS added was very small, when the surfactant adsorbed
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Equilibrium calcium concentration (fiM)
Figure 4.11 Calcium adsorption on carbon black at pH of 7 with varying 
initial SDS concentration.

Equilibrium calcium concentration (pM)
Figure 4.12 Calcium adsorption on carbon black at pH of 9 with varying 
initial SDS concentration.
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on the surface without the interaction between individual adsorbed surfactants, 
the cooperative adsorption with ionic surfactants in the presence of ionic salt 
rarely occurred. From the result, the adsorption of calcium on the carbon in 
the presence of small amount of SDS was less than the adsorption o f calcium 
without SDS addition.

4.2.2 Electrophoretic Determination
Figures 4.13 and 4.14 illustrate the zeta potential o f carbon 

black versus equilibrium calcium concentrations as varying SDS concentration 
at pH of 7 and 9. When calcium was added to the system, the magnitude of 
zeta potential decreased dramatically because of the adsorption of calcium 
onto oppositely charged sites of carbon surfaces. However, at constant 
calcium concentration, the change in the magnitude of zeta potential was small 
with increasing amount of SDS. It was possibly because the amount of SDS 
added was too small to produce a net change in the zeta potential magnitude.
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Figure 4.13 Zeta potential versus calcium concentration at pH of 7 with 
varying initial SDS concentration.
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Figure 4.14 Zeta potential versus calcium concentration at pH of 9 with 
varying initial SDS concentration.
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