
RESULTS AND DISCUSSION
C H A P T E R  IV

In th is w ork, C PE  perform ances w ere reported  in term s o f  coacervate phase 
fractional volum e, surfactant partition  ratio, organic solute partition  ratio, percentage 
o f  surfactant ex traction , and percentage o f  organic so lu te ex traction  as defined in the 
experim ental section. The value o f  coacervate fractional volum e should be low 
because this m akes coacervate phase easy to be rem oved for further rem ediation or 
recovery.

Surfactant concentrations w ere reported in m M , w hile  organic solute 
concentra tions w ere in ppm  because w astew ater po llu tan t concentrations w ere often 
designated  in these w eight-based units. The in itial conditions w ere 70 m M  for 
surfactant and 100-ppm  for organic solutes.

4.1 Cloud Point Determination

The cloud po in t o f  70 m M  nonionic surfactant so lu tions w as determ ined by 
observ ing  the tem perature  at w hich the tu rbid ity  o f  so lu tion  disappeared. The 
concentra tions o f  N aC l w ere varied to 0, 0.4 0.8 M . T able 4.1 sum m aries the cloud 
points o f  the nonionic surfactants used at various concentrations o f  N aCl.



Table 4.1 C loud points o f  the nonionic surfactants used at 0, 0.4, and 0.8M  N aCl

Surfactant T rade
Structure

C loud Point (๐C)
N am e 0M  N aCl 0.4M  N aCl 0.8M  N aCl

Surfonic L24-5 c ,2 e o 5 35.0 29.0 24.2
Surfonic L24-7 C 12E O 7 49.0 44.3 39.0
Surfonic L24-7.1 C 12E O 7.1 57.0 N.A. 39.5
Surfonic L24-9 C 12EO 9 73.0 6 6 . 8 58.5
Surfonic L 2 4 -12 c 12e o 12 >90 89.0 78.5
Surfonic TDA5 c ,3 e o 5 34.5 29.5 24.2
Surfonic T D A 6 C13E 0 6 38.0 32.0 26.0
Surfonic T D A 8 CnEO g 41.5 37.0 30.0
Surfonic TD A 9 C 13EO 9 54.8 48.3 40.5
Surfonic T D A 1 1 C 13E O 11 72.0 65.0 57.5
Surfonic L I 2-8 C nEO g 78.8 71.0 63.0
Surfonic D D A 8 CnEO g 51.0 45.5 38.0
N eodol 91-5E C 9 -11E O 5 35.5 30.0 24.5
N eodol 91-6E C 9-11E O 6 54.0 47.0 41.0
N eodol 91-8 Cg-nEOg 82.0 72.5 65.5
N eodol 25-9 C 12.5EO 9 80.0 71.0 64.0
N eodol 1-9 C 11EO 9 72.0 63.0 57.0
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Figures 4.1 and 4.2 show  the cloud points o f  the constan t num ber o f  carbons 
in alkyl chain  w ith  varied num bers o f  ethylene oxide and o f  the constant num ber o f  
ethylene oxide w ith  varied num bers o f  carbons in alkyl chain, respectively  at 0.8 M 
N aCl.

Figure 4.1 C loud po in t tem peratures o f  the constant num ber o f  carbon  in the alkyl 
chain  w ith  varied  num bers o f  ethylene oxide at 0 .8M  N aCl.

Figure 4.2 C loud po in t tem peratures o f  the constant num ber o f  ethylene oxide with 
varied num bers o f  c  in alkyl chain  at 0.8M  N aCl.
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The results show ed that the cloud point o f  alcohol ethoxylate  increased as 
the num ber o f  e thylene oxide increased. This is because the h igher num bers o f  
e thylene oxide consum e the h igher energy to dehydrate w ater m olecules from  the 
polar head groups. O n the other hand, the cloud point decreased as the num ber o f  
carbons in alkyl chain  increased because the longer the alkyl chain, the low er the 
m icelle-w ater in terface area. The results for the cloud points o f  0.4M  and OM o f  
N aC l are show n in F igures 4.3 to 4.6, respectively.

Figure 4.3 C loud po in t tem peratures o f  the constan t num ber o f  carbon in the alkyl 
chain  w ith  varied  num bers o f  ethylene oxide at 0 .4M  N aC l.
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Figure 4.4 Cloud point temperatures of the constant number of ethylene oxide with 
varied numbers o f c  in alkyl chain at 0.4M NaCl.

Figure 4.5 Cloud point temperatures of the constant number o f carbons in the alkyl 
chain with varied numbers of ethylene oxide at OM NaCl.
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Figure 4.6 Cloud point temperatures of the constant number o f ethylene oxide with 
varied numbers o f c  in alkyl chain at OM NaCl.

The results also showed the same trend for 0.8M NaCl. The results can 
confirm that molecular structure of the nonionic surfactant affected cloud point as 
mentioned in the literature review.

4.2 Effect o f Number of Ethylene Oxide Group on Cloud Point Extraction

The effect of number of ethylene oxide group (ท) was observed at constant 
alkyl chain length (/ท) with various numbers o f ethylene oxides. This work used AE 
surfactant at constant number of carbon atoms of 13 (m  =  13) which are TDA5, 
TDA6 , TDA8 , TDA9, and TDA11. In these homologous series, the number of  
ethylene oxide was equal to 5, 6 , 8 , 9, and 11 (ท = 5, 6 , 8 , 9, and 11) whose 
molecular structures were C13EO5, C13EO6, CnEOg, C13EO9, and C13EO11, 
respectively.

The results for phenol and /7-cresol at the conditions of OM NaCl and 
operating temperature at 80 ๐c  showed that as the number of ethylene oxide groups 
increased coacervate phase fractional volumes increased as shown in Figure 4.7.
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Figure 4.7 Coacervate fractional volumes of the constant number of carbon 13 
atoms alcohol ethoxylate at OM NaCl and 80 °c.

As the number of ethylene oxide increased, coacervate fractional volumes 
increased because an increasing in EO groups resulted in increasing the cloud point 
which, in turn, could enable water molecules difficult to dehydrate from the polar 
head group of surfactant micelles in the coacervate phase. The results also showed 
that the increment of coacervate fractional volume of the two different solutes was 
almost the same; therefore, the molecular structure of organic solutes has an 
insignificant effect on coacervate fractional volume.

Surfactant partition ratios of these series are presented in Figure 4.8.
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Figure 4.8 Surfactant partition ratios of the constant number of carbon 13 atoms 
alcohol ethoxylate at OM NaCl and 80 °c.

As the number of ethylene oxide increased, surfactant partition ratios of 
both phenol and p-cresol decreased. This is because the larger volume of coacervate 
phase contains the higher amount of water molecules. The result also showed that 
surfactant partition ratios of the two different solutes decreased in a similar manner. 
This can be implied that the molecular structure of organic solutes has a slight effect 
on surfactant partition ratio.

Since an organic solute tended to solubilize in rich surfactant micelles 
formed in the coacervate phase, organic solute partition ratios also decreased as the 
number of ethylene oxide groups increased as shown in Figure 4.9.
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Figure 4.9 Solute partition ratios of the constant number of carbon 13 atoms alcohol 
ethoxylate at OM NaCl and 80 ๐c.

To investigate the extraction efficiency, the extraction percentages of 
surfactant and organic solutes were calculated as shown in Figures 4.10 and 4.11.
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Figure 4.10 Percentage of surfactant extraction of the constant number of carbon 13 
atoms alcohol ethoxylate at OM NaCl and 80 °c.
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Figure 4.11 Percentage of organic solute extraction of the constant number of 
carbon 13 atoms alcohol ethoxylate at OM NaCl and 80 °c.

Figure 4.10 shows that surfactant extraction percentages are almost 100% 
for both solutes. The number of ethylene oxide groups has only very slight effect at 
its higher number.

4.3 Effect o f Alkyl Chain Length on Cloud Point Extraction

The effect of carbon atoms in alkyl chain (im ) was observed at constant 
number of ethylene oxide head group {ท) with various carbon chain lengths. This 
work used AE surfactants at constant ethylene oxide group of 9 {ท = 9) which were 
Neodol 1-9, Surfonic L24-9, Neodol 25-9, and Surfonic TDA9. In these homologous 
series, the number of carbon atoms in the alkyl chain was equal to 11 , 12-14, 12-15, 
and 13 (/ท = 11, 12-14, 12-15, and 13) whose structures were C12-14EO9, C12-15EO9, 
and CnEOg respectively.

At operating temperature of 80 °c, the results for 0M NaCl at constant EO 
group of 9 showed that as the number of carbon atoms in alkyl chain increased, 
coacervate fractional volumes decreased as shown in Figure 4.12.
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Figure 4.12 Coacervate fractional volumes of the constant 9 ethylene oxide alcohol 
ethoxylate at OM NaCl and 80 ๐c.

This is because an increase in c atom resulted in decreasing the cloud point 
which, in turn, could enable water molecules easy to dehydrate from the polar head 
group of surfactant micelles in the coacervate phase. It should be noted that the 
result obtained from the c atom effect was opposite to that obtained from EO group 
effect.

After investigating the concentration of surfactant in the coacervate phase, 
surfactant partition ratios o f phenol and /?-cresol are shown in Figure 4.13.
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Figure 4.13 Surfactant partition ratios of the constant 9 moles ethylene oxide 
alcohol ethoxylate at 0M NaCl and 80 °c.

As the number of carbon atoms increased, surfactant partition ratios for both 
phenol and /?-cresol also increased. This can be similarly explained as mentioned in 
Section 4.2. Similar to the surfactant partition ratio, organic solute partition ratio 
increased as shown in Figure 4.14.

•-
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Figure 4.14 Organic solute partition ratios of the constant 9 moles ethylene oxide 
alcohol ethoxylate at OM NaCl and 80 °c.

The percentages of surfactant extraction and organic solute extraction are 
shown in Figures 4.15 and 4.16.

Figure 4.15 Percentage of surfactant extraction of the constant 9 moles ethylene 
oxide alcohol ethoxylate at OM NaCl and 80 °c.
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Figure 4.16 Percentage of organic solute extraction of the constant 9 moles ethylene 
oxide alcohol ethoxylate at OM NaCl and 80 ๐c .

As can be seen, the percentages of both surfactant and organic solute 
extractions increased as the number of carbon atoms in alkyl chain increased 
indicating that the surfactant containing a high number of c  atoms in alkyl chain 
could be more extracted. In addition, the organic solutes could also be more 
extracted by such a surfactant.

The result of percentage of organic solute extraction showed that as the 
number of carbon atoms in alkyl chain increased, percentage of organic solute 
extraction also increased because of the decreasing cloud point.
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4 .4  E ffe c t  o f  E le c t r o ly te  o n  C lo u d  P o in t  E x t r a c t io n

The salinity effect on CPE was studied by varying NaCl concentrations to 0, 
0.4. and 0.8 M in the prepared solution. Figures 4.17 and 4.18 show the cloud point 
at different concentrations of NaCl for the constant number of carbon in alkyl chain 
at 13 atoms series and number of ethylene oxide at 9 moles series, respectively.

F ig u r e  4 .1 7  Effect o f electrolyte on cloud point for the constant number of carbon in 
alkyl chain at 13 atoms series.
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F ig u r e  4 .1 8  Effect of electrolyte on cloud point for the constant number of ethylene 
oxide at 9 moles series.
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Apparently, addition of NaCl resulted in decreasing the cloud points both at 
a given number of c  atoms and a given number of EO groups. Figures 4.19 and 4.20 
show p-cresol partition ratios and percentage of /?-cresol extraction for various 
concentrations of NaCl at 70°c.

Figure 4.19 /7-Cresol partition ratios for various concentrations of NaCl at 70°c.



35

Number of EO Groups

Figure 4.20 Percentage o f /7-cresol extraction for various concentrations of NaCl at 
70°c.

The results show that as the concentration of NaCl increases, />-cresol 
partition ratio and percentage of p-cresol extraction also increases because of 
decreasing of cloud point. Figures 4.19 and 4.20 also show that the effect of 
molecular structure of surfactant was obtained in the same trend.

Addition of NaCl also had another effect which is a coacervate phase 
shifting effect for the high number of ethylene oxide groups. This effect causes only 
in long ethylene oxide groups which have high molecular weight. At the lower 
concentration of NaCl, coacervate phase stays at the bottom of the solution. At the 
higher concentration of NaCl, coacervate phase stays on the top of the solution. This 
is because the dilute phase of the higher NaCl concentration has higher density than 
another phase. Figure 4.21 shows phase separation patterns of both phenol and p -  
cresol at operating temperature of 60 ๐c .
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F ig u re  4.21 Phase separation  patterns for different surfactants w ith  various salinity 
concentra tions at operating tem perature o f  60 ° c .

The results in F igure 4.21 show ed that at the N aC l concentration  o f  0.4M , 
the coacervate  phase o f  Surfonic TDA11 or C 13E O 11 stays at the bottom  o f  the 
solution. A t the h igher N aC l concentration  o f  0.8M , the coacervate phase o f  T D A 11 
shifts to the top o f  the solution. This phase shifting effect is possib ly  caused by a 
change in density  o f  the solu tion  in the dilute phase.

Surprisingly, the results o f  phase separation  patterns show ed that som e 
surfactants caused thin  cloudy m iddle phases. A t 0 M  N aC l and 60 ๐c ,  T D A 8  or 
C 13EO 8 had one cloudy m iddle phase. A t 0.4 and 0.8 M  N aC l, T D A 8  had a quite 
th ick  cloudy m iddle phase and its coacervate phase w as also th ick  and turbid. Phase 
separation  pattern  o f  TD A 9 or C 13EO 9 also yielded the cloudy m iddle phase at a 
h igher N aC l concentration.
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It should be noted that the purposes o f  this study w ere not focused on the 
form ation o f  the cloudy m iddle phase. H ow ever, since the cloudy m iddle  phase 
contained a relatively  large am ount o f  surfactant, the rem oval o f  the surfactant from 
the cloudy m iddle phase should be considerably concerned.

4.5 E ffec t o f O p e ra tin g  T e m p e ra tu re  on C lo u d  P o in t E x tra c tio n

The experim ents w ere carried out at 60, 70, and 80°c to investigate the 
effect o f  operating tem perature.
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F ig u re  4.22 Phenol partition  ratios at 0M  N aC l for various operating  tem peratures.

F igures 4.22 and 4.23 show  phenol partition  ratios and coacervate fractional 
volum es at 0 M  N aC l for various operating tem perature conditions.
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F ig u re  4.23 C oacervate fractional volum es o f  phenol at OM N aC l at various 
operating  tem peratures.

F ig u re  4.24 Percentage o f  phenol extraction  at OM N aC l at various operating 
tem peratures.
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Percentage o f  phenol extraction  w as som ew hat unchanged as show n in 
Figure 4.24. It is clear from  the figure that even though the tem perature has strong 
effects on both phenol partition ratio and coacervate fractional volum e, the 
percentage o f  phenol extraction rem ained alm ost unchanged w ith  operating 
tem peratures.

4.6 E ffec t o f M o le c u la r  S tru c tu re  o f  O rg a n ic  S o lu te  on C lo u d  P o in t E x tra c tio n

Phenol and / 7-cresol w ere selected to investigate the effect o f  m olecular 
structure on C PE efficiency. B ecause / 7-cresoI has m ore hydrophobicity  than  phenol, 
from  the m ethyl group at the para-position, the h igher / 7-cresol so lubilization  in 
surfactant w as obtained. A ccording to the effects o f  EO group and c  atom  in alkyl 
chain  on both solute partition  ratio and percentage o f  solute extraction  (Figure 4.9, 
4 .11, 4.14, and 4.16), /?-cresol alw ays yielded h igher properties than  phenol. 
A lthough / 7-cresol has h igher hydrophobicity  than  phenol, it is no t h igher enough to 
change the solubilized  region to the core reg ion  o f  m icelles in the coacervate.
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