
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Microemulsion Formation

The experimental data of microemulsion formations are shown in Appendix 
A. For microemulsion formation with motor oil, a mixture of 2 wt% Dowfax 8390, 
3 wt% AOT and 2 wt% Span 80 was used as a base condition in this study. As 
known, types of surfactants can affect the microemulsion system. According to the 
structure of Dowfax 8390, it has two hydrophilic head groups, so that it is more 
hydrophilic and prefers to solubilize in a water phase rather than in an oil phase. It 
will create the dispersion of oil droplets in a continuous water phase as known as a 
Winsor Type I microemulsion. In contrast, Span 80, having a very low HLB value, 
so it is a highly lipophilic surfactant leading to solubilize in an oil phase more than a 
water phase. Hence, a water in oil microemulsion, Winsor Type II microemulsion is 
formed.

From the difference in the properties of solubilization of these two 
surfactants, another type of surfactant is needed for microemulsion formation with a 
very hydrophobic oil like motor oil. AOT, an anionic hydrophobic surfactant, was 
used as a linker of these two surfactants to enhance the solubilization of both motor 
oil and water to facilitate the formation of Winsor Type III microemulsions.

4.1.1 Effect of AOT Concentration
In order to observe the effect of AOT concentration on microemulsion 

formation with motor oil, both Dowfax 8390 concentration and Span 80 
concentration were fixed at 2 wt%. Then an AOT concentration was varied from 
3 wt% to 5 wt%. From Figure 4.1, as AOT concentration increases, the formation of 
Winsor Type III microemulsion appears at a slightly lower salinity and the volume 
fraction of the middle phase is also increased. Increasing surfactant concentration is 
known to be one method for promoting phase transformation (Bourrel and Schechter, 
1988).



22

0 5 10 15 20 25 30
NaCl concentration (%w/v)

NaCl concentration (%w/v)

Figure 4.1 Volume fraction as a function of NaCl concentration with different AOT 
concentrations and at an oil to water volumetric ratio of 1 to 1, (a) 2wt% Dowfax 
8390, 3wt% AOT and 2wt% Span 80, (b) 2wt% Dowfax 8390, 4wt% AOT and 
2wt% Span 80 and (c) 2wt% Dowfax 8390, 5wt% AOT and 2wt% Span 80.
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8 The result can be explained that according to a quite low HLB value of
AOT, increasing AOT concentration leads to decreasing HLB value of the mixed 
surfactant system. The lower HLB value directly promotes phase transformation 
from Winsor Type I microemulsion to Winsor Type III microemulsions as shown in 
the phase diagram (Figure 4.1). The formulation of 2wt% Dowfax 8390, 5wt% 
AOT and 2wt% Span 80 was selected for further study since it can form a Winsor 
Type III microemulsion (The middle phase) at the lowest salinity at 4 wt%.

4.1.2 Effect of Span 80 Concentration
In order to study the effect of Span 80 concentration of the mixed 

surfactant system on microemulsion formation, the Dowfax 8390 concentration was 
fixed at 2wt% and the AOT concentration was fixed at 5wt% while the Span 80 
concentration was varied from 2 to 5 wt%. Figure 4.2 shows the effect of Span 80 
concentration on microemulsion formation with motor oil at different salinities. As 
the Span 80 concentration increased, the middle phase microemulsion was found at a 
lower salinity as well as a larger volume fraction of the middle phase. It can be 
explained by the same reason of the effect of AOT concentration because Span 80, a 
nonionic surfactant, which has a very low HLB value. Therefore, the HLB value of 
the mixed surfactant system is lowered with increasing Span 80 concentration. 
Hence, the system is simply forced to shift from Winsor Type I to Winsor Type III 
microemulsions as increasing Span 80 concentration.

4.1.3 Effect of Dowfax 8390 Concentration
To observe the effect of Dowfax 8390 concentration on 

microemulsion formation under the mixed surfactant system, the Dowfax 8390 
concentration was varied from 1.5 to 3 wt% while the concentrations of AOT and 
Span 80 were fixed constant at 5 wt%. Figure 4.3 illustrates the phase behavior as a 
function of salinity at different Dowfax 8390 concentrations. With increasing 
Dowfax 8390 concentration, the formation of middle phase, a Winsor’s type III 
microemulsion appeared at a higher salinity. A HLB value of the studied system is 
increased with increasing Dowfax 8390 concentration because of a very high HLB 
value of Dowfax 8390. As a result, the system becomes more hydrophilicity and so
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it is likely, oil droplets can penetrate and disperse in the water phase known as 
Winsor Type I microemulsion.

Consequently, 1.5wt% Dowfax 8390, 5wt% AOT and 5wt% Span80 
were selected as a formulation for detergency tests since it can form a middle phase 
microemulsion at the lowest salinity (2.833 wt%). As known, the detergency 
efficiency is related to an ultralow interfacial tension (10'2-10'3 raN/m) which is 
obtained under the presence of a Winsor Type III microemulsion.

4.2 Solubilization in Mixed Surfactant System

The effect of salt on microemulsion formation was studied by adding salt in 
the system is known as salinity scan. Salinity scan results of the motor oil system 
with different formulations are presented in Figures 4.1-4.3. For any given 
composition of the mixed surfactants with low salinity, the system exhibits an oil in 
water microemulsion or Winsor Type I microemulsion. With increasing salinity, the 
system transforms from a Winsor Type I microemulsion to a Winsor Type III 
microemulsion since increasing salinity causes the system become more lypophilic 
or more surfactants moving out from the water phase to the oil phase. As a result, 
adding salt will promote the formation of middle phase microemulsion since NaCl 
reduces the repulsive force between the charged ionic surfactant head groups which 
can lead to decreasing the CMC and increasing the aggregation number or decreasing 
HLB value. Consequently, more oil can be solubilized into the inner core of micelles 
resulting in changing the structure of micelles from spherical to bicontinuous 
structure, causing a shift from a Winsor Type I microemulsion to a Winsor Type III 
microemulsion. Normally, at very high NaCl concentrations, transformation from a 
Winsor Type III to a Winsor Type II microemulsion should occurs since more 
surfactants are forced to move from the aqueous phase as well as the middle phase to 
the oil phase which enhances the formation of an water in oil microemulsion. 
However, under the studied conditions, a Winsor Type II microemulsion could not 
be observed because of the high hydrophobicity of motor oil.

The unique properties of microemulsion are not only to have an ultralow 
inlerfacial tension but also to have a high solubilization capacitiy. The solubilization
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is  d e f in e d  a s  a  v o lu m e  o f  e i th e r  o i l  o r  w a te r  d i s s o lv e d  p e r  u n it  m a s s  o f  s u r fa c ta n ts .  
T h e  s o lu b i l i z a t io n  p a r a m e te r  a s  a  f u n c t io n  o f  s a l in i t y  a t d i f f e r e n t  c o m p o s i t io n s  o f  

m ix e d  s u r fa c ta n ts  i s  s h o w n  in  F ig u r e s  4 .4 - 4 .6 .  In  th e  r e g io n  o f  W in s o r  T y p e  I 
m i c r o e m u ls io n ,  th e  v o lu m e  o f  o i l  d i s s o lv e d  in  th e  a q u e o u s  m ic e l la r  p h a s e  w a s  v e r y  

s m a l l  b u t th e  s o lu b i l i t y  p a r a m e te r  o f  w a te r  w a s  v e r y  h ig h . W ith  in c r e a s in g  

e le c t r o ly t e  c o n c e n t r a t io n ,  th e  s o lu b i l iz a t io n  o f  o i l  ( S P 0)  w a s  f o u n d  to  in c r e a s e  

s l ig h t ly .  F o r  W in s o r  T y p e  I m ic r o e m u ls io n  s y s t e m ,  v e r y  l i t t le  w a te r  p r e s e n t s  in  th e  

e x c e s s  o i l  p h a s e  a n d  v ir tu a l ly  a ll  w a te r  i s  in  th e  a q u e o u s  m ic e l la r  p h a s e .  T h e  S P W 

v a lu e  is  t h e r e fo r e  r e la t iv e ly  c o n s ta n t  a s  lo n g  a s  W in s o r  T y p e  I e x i s t s .  W h e n  th e  

m id d le  p h a s e  m ic r o e m u ls io n  is  fo r m e d , b o th  w a te r  a n d  o i l  w i l l  b e  m o v e d  in to  th e  

m id d le  p h a s e  s in c e  m o s t  s u r fa c ta n t  m o le c u l e s  p r e s e n t  in  th e  m id d le  p h a s e .  H e n c e ,  
th e  v a lu e  o f  S P W d e c r e a s e s  s u b s t a n t ia l ly  b u t th e  v a lu e  o f  S P o  in c r e a s e s  g r a d u a lly  

w it h  in c r e a s in g  s a l in i t y .  T h e  N a C l  c o n c e n t r a t io n  a t th e  in t e r c e p t io n  o f  S P o  a n d  SP w  

i s  c l a s s i f i e d  a s  th e  o p t im u m  s a l in i t y .  A t  th is  p o in t ,  th e  s o lu b i l i z a t io n  p a r a m e te r s  o f  

o i l  a n d  w a te r  a re  e q u a l . A s  e x p e c t e d ,  th e  o p t im u m  s a l in i t y  o f  t h is  s tu d ie d  s y s t e m  

w a s  fo u n d  in  th e  W in s o r  T y p e  III r e g io n .  It c o n f ir m s  th a t  th e  fo r m a t io n  o f  W in s o r  

T y p e  III c a n  e n h a n c e  th e  s o lu b i l iz a t io n  o f  b o th  o i l  a n d  w a te r .
A s  c a n  b e  s e e n  in  F ig u r e  4 .4 ,  th e  o p t im u m  s a l in i t y  d e c r e a s e s  w i t h  in c r e a s in g  

A O T  c o n c e n t r a t io n  s in c e  a d d in g  A O T  r e d u c e s  a  H L B  o f  th is  s y s t e m  le a d in g  to  

lo w e r in g  s a l in i t y  r e q u ir e d  t o  s h i f t  th e  s y s t e m  fr o m  W in s o r  T y p e  I t o  W in s o r  T y p e  III. 
W ith  a d d in g  S p a n  8 0 ,  a s  s h o w n  in  F ig u r e  4 .5 ,  th e  o p t im u m  s a l in i t y  d e c r e a s e s ,  th a t  

c a n  b e  e x p la in e d  b y  th e  s a m e  r e a s o n  a s  a d d in g  A O T . In  c a s e  o f  D o w f a x  8 3 9 0 ,  th e  

o p t im u m  s a l in i t y  in c r e a s e s  w i t h  in c r e a s in g  D o w f a x  8 3 9 0  c o n c e n t r a t io n  b e c a u s e  

a d d in g  D o w f a x  8 3 9 0  in c r e a s e s  a  H L B  o f  th is  s y s t e m . A s  a  r e s u lt ,  a  h ig h e r  s a l in i t y  is  

r e q u ir e d  to  fo r m  m id d le  p h a s e  m ic r o e m u ls io n  a s  s h o w n  in  F ig u r e  4 .6 .
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Figure 4.2 V o lu m e  f r a c t io n  a s  a  f u n c t io n  o f  N a C l  c o n c e n tr a t io n  a t d i f f e r e n t  S p a n 8 0  

c o n c e n t r a t io n s  a n d  a t a n  o i l  to  w a te r  v o lu m e t r ic  r a t io  o f  1 to  1 , (a )  2 w t%  D o w f a x  

8 3 9 0 ,  5 w t%  A O T  a n d  2 w t%  S p a n 8 0 ,  (b )  2 w t%  D o w f a x  8 3 9 0 ,  5 w t%  A O T , 4 w t%  
S p a n  8 0  a n d  ( c )  2 w t%  D o w f a x  8 3 9 0 ,  5 w t%  A O T  a n d  5 w t%  S p a n  8 0 .
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Figure 4.3 V o lu m e  fr a c t io n  a s  a  fu n c t io n  o f  N a C l  c o n c e n t r a t io n  a t d i f f e r e n t  D o w f a x  

8 3 9 0  c o n c e n t r a t io n s  a n d  a n  o i l  to  w a te r  v o lu m e t r ic  r a tio  o f  1 to  1 , (a )  1 .5 w t%  

D o w f a x  8 3 9 0 ,  5 w t%  A O T  a n d  5 w t%  S p a n 8 0 ,  (b )  2 w t%  D o w f a x  8 3 9 0 ,  5 w t%  A O T ,  
a n d  5 w t%  S p a n 8 0 ,  ( c )  3 w t%  D o w f a x  8 3 9 0 ,  5 w t%  A O T  a n d  5 w t%  S p a n  8 0 .
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F ig u re  4 .4 S o lu b i l i z a t io n  p a r a m e te r  a s  a  f u n c t io n  o f  N a C l  c o n c e n t r a t io n  a t d i f f e r e n t  

A O T  c o n c e n t r a t io n s  a n d  a t a n  o i l  to  w a te r  v o lu m e t r ic  r a tio  o f  1 to  1, (a )  2 w t%  

D o w f a x 8 3 9 0 ,  3 w t%  A O T  a n d  2 w t%  S p a n 8 0 ,  (b )  2 w t%  D o w f a x 8 3 9 0 ,  4 w t%  A O T  
a n d  2 w t%  S p a n 8 0 ,  ( c )  2 w t%  D o w f a x 8 3 9 0 ,  5 w t%  A O T  a n d  2 w t%  S p a n 8 0 .
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Figure 4.5 Solub ilization  parameter as a function o f  N aC l concentration at different 
Span80 concentrations and at an o il to water volum etric ratio o f  1 to 1, (a) 2wt%  
D o w fa x 8 3 9 0 , 5wt%  A O T  and 2wt%  Span80, (b) 2wt%  D o w fa x 8 3 9 0 , 5wt%  A O T  
and 4wt%  Span80, (c) 2wt%  D o w fa x 8 3 9 0 , 5wt%  A O T  and 5wt%  Span80.
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Figure 4.6 Solub ilization  parameter as a function o f  N aC l concentration at d ifferent 
surfactant form ulations at the oil to water volum etric ratio o f  1 to 1, (a) 1.5wt%  
D o w fa x 8 3 9 0 , 5wt%  A O T  and 5wt%  Span80, (b) 2wt%  D o w fa x 8 3 9 0 , 5wt%  A O T  
and 5wt%  Span80, (c) 3wt%  D ow fax8390 , 5wt%  A O T  and 5wt%  Span80.
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A s m entioned  before, the interception o f  SP W and SP 0  is c la ssified  as the 
optim um  salin ity (ร * ) and the so lubilization  parameter at this point is called  the 
optim um  so lub ilization  parameter (SP *). The graphs o f  the so lu b ilization  parameters 
a s a function o f  salin ity at different m ixed  surfactant concentrations are show n in 
Figures 4 .4 -4 .6 . The so lub ilization  parameter o f  the system  can be expressed  by the  
W insor’s R-ratio in terms o f  interaction energies as fo llo w in g  (R osen , 1988) :

R A co  -  A o o  - A ll 
A cw  -  Aww -  A hh

(4 .1 )

w here A co  is the interaction (per unit interfacial tension  area) betw een  the surfactant 
and oil, A cw  is the interaction betw een the surfactant and the aqueous phase, L and H  
refer to lipoph ilic  and hydrophilic, and A l l  and A h h  are self-in teraction  o f  lipophilic  
and hydrophilic portion o f  the surfactant, respectively . The parameter Aww and A oo  
are the self-in teraction  in the water phase and oil phase, respectively . The numerator 
o f  the equation represents the net interaction o f  the lipoph ilic  portion o f  the 
surfactant at the interface, and the denom inator represents the hydrophilic part o f  the 
interface. From Equation 4 .1 , to increase so lub ilization , both the numerator or the 
net interaction energy o f  lipophilic portion and the denom inator or the net o f  
interaction energy o f  the hydrophilic portion have to be increased.

For variation o f  A O T  concentration, as sh ow n  in Figure 4 .4 , the optim um  
salin ity (ร * ) decreases but the optim um  so lub ilization  parameter (S P *) increases 
w ith increasing A O T  concentration. B ecause a system  w ith  a low er optim um  salin ity  
has a low er coh esive  energies in water region (A cw ), the SP* o f  the system  w ill 
sim ply increase.

For variation o f  Span 80 concentration as show n in Figure 4 .5 , the optim um  
salin ity (ร * ) decreases but the optim um  so lu b ilization  parameter (S P *) increases 
w ith  increasing Span80 concentration. The result can be explained  by the sam e  
reason as AO T.

, For variation o f  D ow fax  8390  concentration as show n in Figure 4 .6 , the 
optim um  salin ity  (ร * ) increases but the optim um  so lu b ilization  parameter decreases 
(S P *) w ith  increasing D ow fax  8390  concentration. From the W insor R-ratio
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4.3 Interfacial Tension at the Optimum Region

Interfacial tension betw een  oil and water is related to the free energy  
difference o f  the interfacial film  at the planar interface separating the bulk phase and 
the curved interface o f  the m icroem ulsion  droplet. The m icrostructure o f  the m iddle  
phase is considered  to be bicontinuous phase (A costa  et a l,  2 0 0 3 ) and as a 
consequence, its curvature is alm ost planar. H ence, the d ifference in free energy is 
very low , resulting in an ultralow interfacial tension  value. In this study, the 
m easurem ent o f  interfacial tension  w as done in the region o f  W insor Type III 
m icroem ulsion  by m easuring the interfacial tension  o f  the ex cess  o il phase and the 
m iddle phase (y0 /m) and the interfacial tension  o f  the ex cess water phase and the 
m iddle phase (yw/m).

Figure 4 .7  sh ow s the relationship betw een  interfacial tension  and N aC l 
concentration w ith  the form ulation o f  1.5wt%  D ow fax  8390 , 5wt%  A O T  and 5wt%  
Span 80 to form  m icroem ulsion  w ith  m otor oil. It w as found that w ith  increasing  
salin ity, the interfacial tension betw een  the ex cess  water and the m iddle phase  
increased but the interfacial tensions betw een  the ex cess  oil and the m iddle phase  
decreased. A s know n, the interception o f  these interfacial tension  is the optim um  
salinity. A s expected , the m inim um  interfacial tension  (1 0 "2 to 10 ' 3 m N /ra) w as  
found at the optim um  salinity. Therefore, this form ulation at the optim um  salin ity  
w ith the u ltralow  interfacial tension, it is considered to be in the usefu l range for 
detergency application (C ates et a i ,  1988).

concept, the system with a higher salinity has a lower cohesive energies in water
region (Acw) resulting in reducing the SP* of the system.
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Figure 4.7 The relationship betw een  the interfacial tension  and N aC l concentration  
w ith  the form ulation o f  1.5wt%  D ow fax  8390 , 5wt%  A O T  and 5wt%  Span 80 to 
form  m icroem ulsion  w ith  m otor oil.

4.4 Effect of Oil to Surfactant Solution Ratio on Interfacial Tension
»

For the phase behavior study, the o il to surfactant solution  ratio w as fixed  
constant at unity because o f  the sim plicity  in evaluating the results. A s being  
realized in the real application o f  detergency, an o il to surfactant solution  ratio is 
generally  be less than one but not one to one that w as used in the phase study. A s  
know n, interfacial tension  is one o f  the m ost in fluencing  parameters in vo lv in g  the 
detergency perform ance. Therefore, the interfacial tensions o f  the m icroem ulsion  
system s w ith  the selected  form ulation, 1.5wt%  D o w fa x  8390 , 5wt%  A O T  and 5wt%  
Span 80 at different oil to surfactant solution  ratios w ere m easured. A s show n in 
Figure 4 .8 , the value o f  the interfacial tension  o f  all three ratios o f  o il to surfactant 
so lu tion  are ultralow  at the optim um  salinity. T hese three ratios o f  o il to surfactant 
solu tion  w ere found to have the sam e optim um  salinity. H ence, this form ulation w as  
selected  to use in the further รณdy in detergency experim ent.



34

IFT (m N /m )

O il to water 
volum etric ratio
- + - 1  : 4 

- * - 1 : 1 9

Figure 4.8 Interfacial tension as a function o f  salin ity at d ifferent o il to w ashing  
solution volum etric ratios using the studied form ulation, 1.5wt%  D o w fa x  8390 ,  
5wt%  A O T  and 5wt%  Span 80.

4.5 Detergency Performance

The experim ental data and calculation m ethods o f  the detergency  
experim ent are show n in A ppendix B. The analytical m ethods o f  each com ponent 
are show n in A ppendix  c. The detergency perform ance experim ent is determ ined by  
t\yo parameters; % detergency and % o il rem oval. M oreover, the dynam ic interfacial 
tension  is correlated to the detergency perform ance in order to gain a better insight 
about o ily  so il rem oval m echanism  during detergency process.

4.5 .1  E ffect o f  Surfactant C oncentration on  D etergen cy  Perform ance
A ccord ing to the results o f  the phase study, a form ulation o f  1.5wt%  

D ow fax  8 390 , 5wt%  A O T  and 5wt%  Span 80 at the optim um  salin ity  2.83 % w /v  
w as selected  for detergency experim ent. G enerally, percentage o f  liquid  detergent is  
usually  recom m ended at around 0 .6  to 1.2 % in the w ash in g  solution  or around 0.3 to  
0.8  % active surfactant for detergency application (Jakobi and Lôhr, 1987). For this 
study, the total active concentration refers to the wt%  o f  the total surfactants in the

«
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solution. F igure 4 .9  show s the % detergency as a function o f  active surfactant 
concentration for these three types o f  fabrics. U nder the studied con d ition s w ith  the 
selected  form ulation, the % detergency increased w ith  increasing active surfactant 
concentration and the system  reached the plateau at around 0.1 % active surfactant 
for all three types o f  fabrics. M oreover, for any given  active surfactant 
concentration, % detergency on pure cotton w as slightly  higher than those on the 
other tw o typ es o f  fabrics and the low est % detergency w as found on the pure 
polyester.

A nother parameter used to express the detergency perform ance is oil 
rem oval as sh ow n  in Figure 4 .10 . The results sh ow  a good  con sisten cy  betw een  oil 
rem oval and % detergency. For any g iven  active surfactant concentration, the o il 
rem oval on  cotton w as the h ighest w h ile  that on pure p olyester w as the low est. B ased  
upon the results o f  the detergency experim ents, an optim um  active surfactant o f  0.1 
%  o f  the studied form ulation is recom m ended for household  application for all three 
types o f  fabrics. The use o f  the studied form ulation at the optim um  active surfactant 
concentration o f  0.1 % could  g iv e  h igh  o il rem ovals o f  83.7% , 82.6%  and 78%  on  
cotton, polyester/cotton  blend and polyester, respectively . A s expected , the 
detergency perform ance o f  cotton w as the h ighest level and it fo llow ed  by  
polyester/cotton  blend and polyester.

The results can be explained  by the fabric nature. A s know n, a 
hydrophobic o il tends to adhere strongly on the nonpolar substrate. Therefore, it is 
m ore d ifficu lt to rem ove o ily  so il from  polyester than from  cotton w h ich  agrees w ith  
the results o f  Chi (1999). In addition, this finding co in cid es w ith  that o f  K issa  
(1 9 7 1 ), w ho found that so il retention m easured by a gravim etric m ethod w as low er  
on ce llu lo sic  fabrics and ce llu lo sic  blends than those on synthetics. B ecause o f  the 
high  v isco sity  o f  aqueous em u lsion s form ed by m otor o il and the w ash ing solution , 
rqll-up m echanism  is not a sing le m echanism  for o il rem oval on hydrophobic fibers 
w here the o il rem oval process cou ld  be com pleted  by introducing m echanical shear. 
The m echanism s for o il rem oval w ill be for the d iscu ssed  m ore in detail later.

1  ม  b \ b  ฬ J t
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Figure 4.9 The effect o f  active surfactant concentration on % detergency on three 
types o f  fabrics at the optim um  salin ity (2 .83  wt% ) w ith  the selected  form ulation.

Figure 4.10 The e ffect o f  active surfactant concentration on o il rem oval on three 
types o f  fabrics at the optim um  salin ity (2 .83  wt% ) w ith  the selected  form ulation.
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4 .5 .2  E ffec t o f  N aC l C o n cen tra tio n  on  D e te rg en cy  P e rfo rm an ce
T h e  e ffec t o f  N aC l co n cen tra tio n  o n  d e te rg en cy  p e rfo rm an ce  w as 

ca rried  o u t b y  v a ry in g  N aC l co n cen tra tio n  at 0 .115  %  ac tiv e  su rfac tan t o f  th e  
se lec ted  fo rm u la tio n ; 1 .5w t%  D o w fax  8390 , 5w t%  A O T  and  5 w t%  S p an  80. A s th e  
s tu d ied  sy stem  co n ta in ed  a  s ig n ifican t co n ten t o f  D o w fax  8390  an d  A O T  (an io n ic  
su rfac tan t), d iffe ren t sa lin ity  can  in d u ce  d iffe ren t m ic ro e m u ls io n  ty p es. T h e  
d e te rg en cy  p e rfo rm an ce  o f  th e  s tu d ied  sy stem  a t d iffe ren t sa lin itie s  is sh o w n  in  
F ig u res  4.11 an d  4 .12 . W ith  in c reas in g  sa lin ity  o f  th e  sy stem , s ig n ifican t 
im p ro v em en t o f  the  d e te rg en cy  p e rfo rm an ce  w as o b ta in ed  e sp ec ia lly  a t v e ry  lo w  
sa lin ity . T h e  h ig h e r  th e  N aC l co n cen tra tio n , th e  lo w er th e  rep u ls iv e  fo rce  b e tw een  
head  g ro u p s o f  an io n ic  su rfac tan t is ob ta in ed . C o n seq u en tly , th e  ta il g roup  o r 
h y d ro p h o b ic  p a rt o f  su rfac tan ts  can  m o re  ad so rb  m o re  on  h ig h ly  h y d ro p h o b ic  o il 
d ro p le ts  an d  fab rics . H en ce , the  o il rem o v a l o f  m o to r  oil in c reases  w ith  in c reas in g  
sa lin ity .

N aC l co n cen tra tio n  (% w /v )

Figure 4.11 The relationship of %NaCl concentration and %detergency on three
types of fabrics with the selected formulation at 0.115 active surfactant
concentration.
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N aC l co n cen tra tio n  (%  w /v )

Figure 4.12 T h e  re la tio n sh ip  o f  N aC l co n cen tra tio n  an d  oil rem o v a l on  th ree  ty p es  
o f  fab rics  w ith  th e  se lec ted  fo rm u la tio n  a t 0 .115  ac tiv e  su rfac tan t co n cen tra tio n .

4 .5 .3  C o rre la tio n  o f  M ic ro em u ls io n  F o rm a tio n  an d  D e te rg en cy  
P e rfo rm an ce

* O il rem o v al and  IF T  b e tw een  th e  w ash in g  so lu tio n  an d  th e  o il as a
fu n c tio n  o f  sa lin ity  are  illu s tra ted  in  F ig u re  4 .1 3 . T he  0 .115  ac tiv e  su rfac tan t 
co n cen tra tio n  is u sed  in  th e  w ash in g  p ro cess  an d  th e  p o ly e s te r/c o tto n  b len d  w as u sed  
as th e  su b stra te . T o  re la te  th e  p h ase  s tudy  w ith  th e  w ash in g  re su lts , th e  sy stem  at 
2 .83  % N aC l w as re fe rred  as th e  o p tim u m  co n d itio n  o f  m id d le  p h ase  reg a rd in g  to  th e  
lo w est IF T  v alue . A s seen  in  F ig u re  4 .1 3 , th e  o il rem o v a l in c reases  as th e  sa lin ity  
inc reses. A s  ex p ec ted  th e  W in so r T y p e  III reg io n  o f  m ic ro e m u ls io n  sh o w s th e  
h ig h es t o il rem o v a l at th e  o p tim u m  sa lin ity  th a t ex p re sse s  th e  lo w est IFT .

T h is  d e te rg en cy  re su lt sh o w s the  m ic ro e m u ls io n  fo rm a tio n  o f  W in so r 
T y p e  III m ic ro e m u ls io n  can  im p ro v e  d e te rg en cy  p e rfo rm an ce  w h ic h  is co n s is ten t 
w ith  severa l stud ies.



39
i

Figure 4.13 O il rem o v al and  IF T  b e tw e e n  th e  w ash in g  so lu tio n  an d  th e  o il as a  
fu n c tio n  o f  sa lin ity  w ith  tw o  rin se  s teps u sin g  th e  s tu d ied  fo rm u la tio n  w ith  0 .115  
ac tiv e  su rfac tan t co n cen tra tio n .

4 .5 .4  E ffec t o f  A m o u n t o f  R in sin g  W ate r an d  N u m b e r o f  R in s in g  S tep  o n  
O il R em o v al
In  th is  s tudy , the  w ash in g  e x p e rim en t w as d o n e  w ith  th e  se lec ted  

fo rm u la tio n  (1 .5 %  D o w fax , 5%  A O T  an d  5%  S p an 8 0 ) and  0 .1 1 5 %  ac tiv e  su rfac tan t 
a t th e  o p tim u m  sa lin ity . A fte r  th e  w ash  s tep  w as co m p le ted , th ree  d iffe ren t rin se  
m e th o d s  o f  2 , 4  and  6 rin ses w ere  co m p ared  w ith  a  sam e to ta l r in s in g  w a te r o f  2 0 0 0  
m l. T h ere fo re , 1000, 500  an d  333 .33  m l o f  d is tilled  w a te r w ere  u se d  fo r each  o f  2 ,4 
an d  6 rin ses, re sp ec tiv e ly .

T h e  c o m p ariso n  o f  o il rem o v a l o f  each  step  in  d e te rg en cy  p ro cess  
w ith  d iffe ren t rin se  m e th o d s is illu s tra ted  in  F ig u re  4 .14 . B y  co m p arin g  th e  o il 
rem o v a l in  e a c h  rin se , th e  o il rem o v a ls  o f  th e  w a sh  s tep  an d  th e  f irs t r in se  w ere  q u ite  
h ig h . In te res tin g ly , fo r an y  r in se  m eth o d , th e re  w as a  s ig n ific an t d iffe ren ce  in  th e  o il 
rem o v a l b e tw e e n  th e  f irs t an d  the  seco n d  rin se . T h ese  re su lts  sh o w  c lea rly  th a t th e  
am o u n t o f  r in s in g  w a te r  a ffec t th e  d e te rg en cy  p e rfo rm an ce  in  th e  firs t an d  th e  seco n d  
rin se  steps.
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Figure 4.14 T h e  o il rem o v al o f  w ash  step  and  each  rin se  o f  r in se  s tep  u sin g  th e  
se lec ted  fo rm u la tio n .

F o r all th ree  rin se  m e th o d s u sed , th e  re su lt show s th a t  v e ry  low  th e  oil 
rem o v a l w as  a lm o st n o n e  a fte r  th e  seco n d  rin se . T h e re fo re , tw ic e  r in ses  are 
su ffic ien t fo r d e te rg en cy  p ro cess . T h e  ex p la n a tio n  fo r th is  re su lt is th a t th e  oil 
d ro p le ts  m ig h t be  p en e tra ted  in  th e  fib e r b u n d les  an d  it is h a rd  to  d e tach  th e  o il fro m  
th e  fabric . A  b e tte r  re a so n  to  ex p la in  th is  re su lt re la te s  to  a  lo w e r am o u n t o f  
su rfac tan ts  av a ilab le  in  th e  th ird , fo u rth , f if th  and  s ix th  rin ses th a t c a n  be  co n firm ed  
by  th e  m easu red  IF T  v a lu es  an d  it w ill be  fu rth er d iscu ssed  later.

T h e  to ta l o il rem o v a ls  o f  the  w a sh in g  and  th e  r in s in g  steps w ith  2 
rin ses, 4  rin se s , 6 r in ses  are  illu s tra ted  in  F ig u re  4 .15 . F ro m  th is  re su lt, o il rem o v a l 
o f  th e  w ash  s tep  ( พ )  w as v e ry  lo w  in  th e  ran g e  a p p ro x im a te ly  3 5 -4 0  % . T h e  
d e te rg en cy  p e rfo rm a n c e  o f  th e  w ash  step  ( พ )  w as in s ig n ific an t d iffe re n t am o n g  th ree  
d iffe ren t r in se  m e th o d  since  th ey  w ere  o p e ra ted  a t th e  sam e co n d itio n s.

F o r th e  firs t r in se  ( R l )  w ith  d iffe ren t am o u n ts  o f  r in s in g  w ate r, it 
sh o w s th e  d iffe ren ce  in  th e  to ta l o il rem o v a l, th e  to ta l o il rem o v a l w ith  1000 m l 
r in s in g  w a te r  w a s  v e ry  c lo se  to  th a t w ith  500  m l rin s in g  w a te r  b u t th e  to ta l oil 
rem o v a l w ith  333 .33  m l d ec rea sed  s ig n ifican tly . T h e  re su lt in d ica te s  th a t fo r a  sing le  
rin se , th e re  is a  m in im u m  am o u n t o f  rin s in g  w a te r  req u ired  to  m a in ta in  a  d es irab le  
d e te rg en cy  p e rfo rm an ce .

□  2 R in ses  (1 0 0 0  m l each )
□  4  R in se s  (500  m l each)
■  6 R in se s  (3 3 3 .3 3  m l each)

A c tiv e  su rfac tan t cone. =  0 .1 1 5 %  
S a lin ity  =  2.83 w t%

พ  R l R2 R3 R4C leaning step R5 R6
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Figure 4 .1 5  T h e  to ta l  o i l  r e m o v a l  o f  e a c h  s te p  w i t h  d i f f e r e n t  r in s e  m e t h o d s  u s in g  th e  

s e l e c t e d  fo r m u la t io n .

A c c o r d in g  to  th e  r e a l  a p p l ic a t io n  o f  th e  w a s h in g  p r o c e s s ,  it  i s  

n e c e s s a r y  to  u s e  a  m in im u m  q u a n t ity  o f  r in s in g  w a te r . I n t e r e s t in g ly ,  it  w a s  fo u n d  

th a t  th e  d i f f e r e n t  a m o u n ts  o f  r in s in g  w a te r  d o e s  n o t  a f f e c t  s o  m u c h  o n  th e  to ta l  o i l  

r e m o v a l  p r o v id e d  th a t  th e r e  a re  a t l e a s t  t w o  r in s e s  in  o p e r a t io n  a s  s h o w n  in  F ig u r e  

4 J 5 .  T h e  to ta l  o i l  r e m o v a l  is  a r o u n d  8 0 % . F r o m  th is  r e s u lt ,  th e  a m o u n t  o f  r in s in g  

w a te r  a f f e c t s  th e  o i l  r e m o v a l  o f  e a c h  s t e p  b u t  d o e s  n o t  a f f e c t  th e  o v e r a l l  o i l  r e m o v a l ,  
th e r e fo r e  th e  l o w  r in s in g  w a te r  c a n  b e  u s e d  in  re a l a p p lic a t io n .

4 .5 .5  D y n a m ic  IF T  d u r in g  R in s e  S te p
T h e  p r o f i l e s  o f  d y n a m ic  IF T  b e t w e e n  th e  r in s in g  w a t e r  a n d  d y e d  o i l  a t  

d if f e r e n t  r in s e s  a re  s h o w n  in  F ig u r e  4 .1 6 .  F o r  a l l  th r e e  d i f f e r e n t  r in s in g  m e t h o d s ,  
th e r e  w a s  a  s p o n t a n e o u s  r e d u c t io n  o f  th e  d y n a m ic  IF T  w i t h  th e  f ir s t  r in s e  s te p . It 

in d ic a t e s  th a t  th e  f ir s t  r in s e  c a n  r e m o v e  o i l  q u ite  h i g h l y  b e c a u s e  o f  th e  l o w  IF T  v a lu e .  
T h e  r e d u c t io n  o f  IF T  w i t h  t im e  s h o w s  th e  o i l  i s  r e m o v e d  b y  t h e  e m u ls i f i c a t io n  

m e c h a n is m . In  c o m p a r in g  th e  d i f f e r e n t  q u a n t ity  o f  r in s in g  w a te r , a n  a m o u n t  o f  w a te r

*
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1 0 0 0  m l r in s in g  w a t e r  s h o w e d  th e  s h o r te s t  t im e  to  fo r m  e m u ls io n  in d ic a t in g  th a t  th e  

s y s t e m  h a s  t h e  s h o r te s t  t im e  to  r e m o v a l  o i l  f r o m  fa b r ic . A s  s h o w n  in  F ig u r e  4 .1 5 ,  th e  

h ig h e s t  o i l  r e m o v a l  o f  R 1  i s  th e  1 0 0 0  m l r in s in g  w a te r .
F o r  c o n s id e r in g  th e  s e c o n d  r in s e ,  o n ly  th e  3 3 3 .3 3  m l  r in s in g  w a te r  

s h o w e d  th e  r e d u c t io n  o f  d y n a m ic  I F T  a n d  it  s h o w e d  th e  s h o r t e s t  t im e  t o  fo r m  

e m u ls io n  w h i l e  b o th  1 0 0 0  m l a n d  5 0 0  m l o f  r in s in g  w a te r  s h o w e d  in s ig n i f ic a n t ly  

lo w e r in g  IF T . T h e r e f o r e ,  fo r  th e  s e c o n d  r in s e ,  th e  h ig h e s t  o i l  r e m o v a l  w a s  fo u n d  a t  

th e  3 3 3 .3 3  m l  r in s in g  w a te r .
In  c a s e  o f  a b o v e  th e  s e c o n d  r in s e  s t e p , it  s h o w s  th e  in s ig n i f ic a n t  

r e d u c t io n  o f  t h e  d y n a m ic  IF T . A s  a  r e s u lt  o f  h ig h  I F T  in  th e  s y s t e m ,  th e r e  w a s  

a lm o s t  n o n e  r e m o v a l  o f  o i l  a b o v e  th e  s e c o n d  r in s e .

4 .5 .6  D e t e r m in a t io n  o f  D e t e r g e n c y  M e c h a n is m
T h e  m e c h a n is m s  o f  o i l y  s o i l  r e m o v a l  f r o m  fa b r ic  in  th e  d e t e r g e n c y  

p r o c e s s  i n v o l v e s  m a n y  fa c to r s  s u c h  a s  in te r fa c ia l  e n e r g y ,  c o n t a c t  a n g le  b e t w e e n  o i l  

a n d  fa b r ic ,  s p r e a d in g  a n d  w e t t in g .  In  th is  s tu d y , t h e  d y n a m ic  a n d  e q u i l ib r iu m  

in te r fa c ia l  t e n s io n s  d u r in g  th e  w a s h in g  p r o c e s s  w e r e  m e a s u r e d  in  o r d e r  to  g a in  a  

b e tte r  u n d e r s ta n d in g  a b o u t  th e  m e c h a n is m s  in  d e t e r g e n c y  p r o c e s s .  F ig u r e  4 .1 7  

s h o w s  th e  r e la t io n s h ip  b e t w e e n  th e  o i l  r e m o v a l  a n d  e q u i l ib r iu m  I F T  o f  e a c h  c l e a n in g  

s te p  a t d i f f e r e n t  r in s e s .  T h e  w a s h in g  e x p e r im e n t  w a s  c a r r ie d  o u t  w i t h  th e  s e l e c t e d  

fo r m u la t io n  o f  0 .1 1 5  a c t iv e  s u r fa c ta n t  c o n c e n t r a t io n  a n d  a t th e  o p t im u m  s a l in i t y  o f  

2 .8 3  w t% . F r o m  F ig u r e  4 .1 7 ,  th e  w a s h  s te p  s h o w s  a  v e r y  l o w  IF T  ( 0 .0 0 1 - 0 .0 1  

r a N /m )  a n d  h a s  a  r e a s o n a b ly  m o d e r a t e  o i l  r e m o v a l .  T h e  o i l  r e m o v a l  in  th is  s te p  is  

b e l i e v e d  to  b e  o c c u r r e d  b y  e m u ls i f i c a t io n - s o lu b i l i z a t io n  m e c h a n i s m  r e la t in g  to  a n  

in c r e a s e  in  c o n t a c t  a n g le  b e t w e e n  th e  o i l  a n d  th e  fa b r ic  s u r f a c e  a s  w e l l  a s  s p r e a d in g  

o f  th e  o i l  o n  th e  fa b r ic . B y  th e  p r e s e n c e  o f  s u r fa c ta n t  w i t h  a  r e la t iv e ly  la r g e  a m o u n t  
in  w a s h in g  s t e p , th e  IF T  v a lu e  a re  v e r y  l o w  o r  u l t r a lo w  le a d in g  t o  s p r e a d in g  o f  o i l  

d r o p le t  o n  fa b r ic . A s  a  r e s u lt ,  i t  i s  m o r e  d i f f i c u l t  fo r  th e  o i l  t o  b e  r e m o v e d  

c o m p le t e ly .  T h is  is  w h y  th e  o i l  r e m o v a l  o f  th e  w a s h in g  s te p  in  th is  s tu d y  w a s  n o t  s o  

h ig h  a s  e x p e c t e d  d u e  t o  i t s  u ltr a  l o w  IF T . T h is  f in d  i s  a  g o o d  a g r e e m e n t  w i t h  

p r e v io u s  r e s u lt s  (T o n g c u m p u a , 2 0 0 3 ) .
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Figure 4.16 P r o f i le  o f  d y n a m ic  I F T  b e t w e e n  r in s in g  w a t e r  a n d  d y e d  o i l  a t d i f f e r e n t  

r in s e s  u s in g  th e  s e l e c t e d  f o r m u la t io n  o f  0 .1 1 5  %  a n d  a t th e  o p t im u m  s a l in i t y  o f  2 .8 3  

w t% .
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In  th e  f ir s t  r in s e ,  th e  IF T  w a s  fo u n d  to  b e  m u c h  h ig h e r  th a n  th a t  o f  th e  

w a s h  s te p , th e  s p r e a d in g  e f f e c t  i s  r e d u c e d . A s  a  r e s u lt ,  th e  a t ta c h e d  o i l  g r a d u a lly  

fo r m  d r o p le t s  a n d  t h e n  d e t a c h e s  fr o m  th e  fa b r ic . In  a d d it io n , fo r  a ll  th r e e  r in s in g  

m e t h o d ,  it s h o w e d  a  r e la t iv e ly  h ig h  o i l  r e m o v a l  in  th e  f ir s t  r in s e .  T h is  r e s u lt  r e v e a ls  

th a t  th e  d e t e r g e n c y  e f f i c i e n c y  fo r  o i l y  s o i l  r e m o v a l  in c r e a s e  w i t h  d e c r e a s in g  IF T  o f  

th e  s y s t e m . H o w e v e r ,  th e  u l t r a lo w  I F T  c a n  c a u s e  th e  s p r e a d in g  e f f e c t  r e s u lt in g  in  a  

s ig n i f ic a n t  r e d u c t io n  o f  o i l  r e m o v a l .  T h e  w o r k  o f  a d h e s io n  (W a )  a n d  t h e  w o r k  o f  

c o h e s i o n  ( W c )  a re  c o n s id e r e d  in  o r d e r  to  p r o v id e  a n  in s ig h t  o f  th e  d e t e r g e n c y  p r o c e s s  

fo r  o i l y  s o i l  r e m o v a l .  T h e s e  p a r a m e te r s  a re  e x p r e s s e d  a s  f o l l o w s  ( T h o m p s o n ,  1 9 9 4 )  :
w h e r e W a = Y ow  (1+C O S0) ( 4 .2 )

W c = 2  Yow ( 4 .3 )
W a - W c = ร ( 4 .4 )

w h e r e  W a  r e p r e s e n t s  th e  w o r k  o f  a d h e s io n ,  W c  r e p r e s e n ts  th e  w o r k  o f  c o h e s i o n ,  Y ow  

r e p r e s e n ts  th e  in te r fa c ia l  t e n s io n  b e t w e e n  o i l  a n d  w a s h in g  s o lu t io n  a n d  ร  r e p r e s e n ts  

th e  s p r e a d in g  c o e f f i c i e n t .  T h e r e f o r e ,  i f  W a  > W c ,  th e  s p r e a d in g  c o e f f i c i e n t  is  

p o s i t i v e ,  0  =  0 ° ,  a n d  th e  o i l  s p r e a d s  s p o n t a n e o u s ly  o v e r  th e  s u b s tr a te  to  fo r m  a  th in  

f i lm . I f  W a  <  W c , th e  s p r e a d in g  c o e f f i c i e n t  i s  n e g a t iv e ,  0  i s  g r e a te r  th a n  z e r o , a n d  

th e  o i l  d o e s  n o t  s p r e a d  o v e r  th e  s u b s tr a te  b u t th e  a t ta c h e d  o i l  fo r m s  d r o p le t s  o r  l e n s e s  

w it h  th e  f in i t e  c o n t a c t  a n g le  a n d  th e  o i l  d r o p le t s  w i l l  b e  fu r th e r  r e m o v e d  b y  

e m u ls i f i c a t io n  m e c h a n i s m  ( R o s e n ,  1 9 8 8 ) .  In  c a s e  o f  th e  f ir s t  r in s e  s t e p , it  s h o w s  a  

h ig h e r  IF T  th a n  th a t  in  th e  w a s h  s te p , th e  o i l  s p r e a d in g  e f f e c t  is  r e d u c e d . It c a n  b e  

e x p e c t e d  th a t  th e  c o n t a c t  a n g le  in  f ir s t  r in s in g  s te p  i s  n o t  z e r o . T h e r e f o r e ,  th e  v a lu e  

in  th e  b la n k e t  o f  E q u a t io n  ( 4 .2 )  i s  n o t  h ig h e r  th a n  2 .  It m e a n s  W c  >  W a , th e  o i l  

d r o p le t s  w i l l  d e t a c h  fr o m  th e  fa b r ic  b y  e m u ls i f i c a t io n  m e c h a n is m . T h e  IF T  in  th e  

f ir s t  r in s in g  s t e p  i s  l o w  e n o u g h  to  o c c u r  th e  e m u ls i f i c a t io n .  In  th e  s e c o n d  r in s e ,  it  

s h o w e d  a  v e r y  h ig h  I F T  fo r  e i th e r  2  r in s e s  o r  4  r in s e s  a n d  th e  o i l  r e m o v a l  i s  r e la t iv e ly  

l o w  a s  c o m p a r e d  to  th a t  o f  th e  f ir s t  r in s e .
T o  m a x im iz e  th e  d e t e r g e n c y  p r o c e s s  fo r  o i l y  s o i l  r e m o v a l ,  a n  

a p p r o a c h  to  o b ta in  u l t r a lo w  IF T  b y  f o r m in g  a  W in s o r  T y p e  III m ic r o e m u ls io n  s h o u ld  

b e  c o n s id e r e d .  A  p r o p e r  d e s ig n  o f  th e  r in s e  s te p  w i t h  a  m in im u m  q u a n t ity  o f  r in s in g  

w a te r  a n d  t w o  r in s e s  i s  n e e d e d  s in c e  th e  o i l  r e m o v a l  in  th e  r in s e  s t e p  i s  a s  im p o r ta n t  

a s  th a t  in  th e  w a s h  s te p .
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N u m b e r  o f  rinsing
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N u m b e r  o f  r in sin g

1 0 0

ะ!
0 .0 1

0 .0 0 1

Figure 4 .1 7  C o r r e la t io n  b e t w e e n  e q u i l ib r iu m  I F T  a n d  o i l  r e m o v a l  o f  e a c h  c l e a n in g  

s t e p  w i t h  d i f f e r e n t  r in s e s  u s in g  th e  s e l e c t e d  f o r m u la t io n  o f  0 .1 1 5  a c t iv e  s u r fa c ta n t  

c o n c e n t r a t io n  a n d  a t th e  o p t im u m  s a l in i t y  o f  2 .8 3  w t% .
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