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ABSTRACT

When an aqueous solution containing nonionic surfactant is heated above the 
cloud point, the solution separates into two phases. A micellar-rich phase or 
coacervate, and a micellar-dilute phase are formed. Aromatic contaminants presented 
in the original solution tend to solubilize into the micelles in the coacervate phase 
and concentrate there -  this is the basis of the separation process known as cloud 
point extraction (CPE). In this study, CPE was scaled up from single stage batch 
experiments to multistage continuous operation in a rotating disc contactor (RDC) to 
remove the aromatic contaminants, toluene and ethylbenzene, from wastewater. A 
nonionic surfactant, t-octylphenolpolyethoxylate, was utilized as the separating 
agent. The concentration of solutes in the coacervate phase increases as agitator 
speed, wastewater/surfactant solution flowrate ratio and degree of alkylation of the 
aromatic solutes increase. The overall volumetric mass transfer coefficient (Ka) and 
the number of transfer unit (NTU) in the RDC increase with increasing rotation 
speed of the rotor disc. In this pilot scale, multistage continuous operation, the 
toluene partition ratio and concentration of toluene in the coacervate phase are two 
times greater than that observed in a single stage, equilibrium batch experiment with 
the same initial condition.
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INTRODUCTION

Environmental contamination due to wastewater discharges containing a trace 
amount of aromatic compounds can cause severe problems because of the toxicity of 
either known or suspected carcinogens or mutagens (1). A novel class of separation 
processes known as surfactant-based separations has been shown to be effective 
techniques in environmental clean-up (2-5). These techniques involve biodegradable, 
non-toxic separating agents (surfactants) and include technologies such as surfactant 
enhanced oil recovery, foam fractionation, and froth flotation. Cloud point extraction 
(CPE) is one of the surfactant-based separation technologies, which is effective and 
economical in the removal of organic compounds from polluted water (1, 6-18). An 
aqueous solution of nonionic surfactant undergoes a phase separation when it is at a 
temperature above its cloud point, attained either by heating or by adjustment of 
surfactant structure or additives to lower the cloud point of the surfactant below the 
operating temperature. Above the cloud point, two isotropic micellar phases are 
formed; one phase is generally less in volume and contains most of surfactant 
micelles and is known as a micellar-rich or coacervate phase. The other phase is an 
aqueous solution lean in surfactant micelles, known as a micellar-dilute or dilute 
phase. When nonionic surfactant is added to polluted water above the cloud point, 
the organic solutes contained in the solution will solubilize into surfactant micelles. 
After the phase separation, surfactant and pollutants are concentrated in the 
coacervate phase. The dilute phase, which contains a low concentration of organic 
pollutant, can be discharged to the environment as the effluent water. If a single 
stage results in insufficient purification, multiple stages can be used as in traditional 
liquid-liquid extraction as investigated in this paper. The CPE is a special case of a 
class liquid-liquid extractions, known as aqueous biphasic extractions (19).

From our previous work, we have shown in batch experiments that CPE is a 
promising technique to remove aromatic compounds from aqueous wastewater by 
concentrating them in the coacervate phase (18). These chemicals are common 
pollutants of great environmental concern originating from industrial effluents and 
gasoline tank leakage. Moreover, the coacervate solution, which contains a high 
concentration of surfactant, is recoverable because the volatile aromatic solubilizates
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can be removed by stripping, leaving the solute-free surfactant stream available for 
reuse. The objective of this research is to scale up the cloud point extraction 
technique in continuous operation in a multistage, differential extractor. To our 
knowledge, all previous studies of CPE have involved batch extractions. Even 
though high separation factors may be observed, it is not at all obvious that the 
extraction can be scaled up in a continuous, multistage unit without operational 
problems since the coacervate phase can be very viscous.
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BACKGROUND

There is a phase separation of polyethoxylate nonionic surfactant solutions 
into two phases at a certain temperature known as the cloud point (1, 6-22). At the 
cloud point, the solution appears cloudy since the coacervate or micelle-rich phase is 
emulsified in the micellar-dilute phase. The coacervate phase can be very 
concentrated in surfactant, sometimes exceeding 50 wt %. The dilute aqueous phase 
contains a low surfactant concentration approximately 2 to 20 times the critical 
micelle concentration (CMC). The phase separation process is reversible and two 
phases can merge together to form a homogeneous phase on cooling (9, 14). The 
cloud point is generally defined at a surfactant concentration of 1 weight % (23). 
However, it is not highly concentration dependent (11, 21, 23, 24). At the surfactant 
concentration which exhibits the minimum cloud point, this temperature is known as 
the lower consolute temperature (LCT) (24). The clouding is reported to be due to an 
increase in dehydration of hydrated outer micellar layers, intermicellar attraction and 
micellar size when the temperature is increased (9, 14). Cloud points of nonionic 
surfactants depend on their structure. An increase in the degree of polymerization of 
ethylene oxide and decrease in hydrocarbon chain length of the hydrophobic moiety 
of polyethoxylated nonionic surfactants can elevate the cloud point (9, 22, 25, 26). 
An addition of polar compounds depresses the cloud point by decreasing the 
hydration of the polyoxyethylene chains due to the competition for the hydratable 
sites by the polar solubilizates (20). Added ionic surfactant can drastically increase 
the cloud point of the mixed micelles system by imposing an electrostatic repulsion 
between micelles which opposes the intermicellar attraction (27-29). An electrolyte 
can alter the cloud point due to the salting-in or the salting-out effect (21, 27-30).

Many studies of CPE have been done with low volatility organic solutes such 
as polycyclic aromatic hydrocarbons (PAHs) and biomaterials (1, 6-22). Despite 
their importance as pollutants in water, volatile organics have received little attention 
in CPE studies. We feel that this is largely due to the extreme care which must be 
taken to minimize leakage of solutes with high vapor pressures as detailed in our 
previous batch studies of trichloroethylene, dichloroethane, trichloroethane, 
tetrachloroethane, benzene, toluene, and ethylbenzene (12,13,18). A major advantage
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of CPE of volatile organic pollutants is the potential to regenerate the surfactant in 
the coacervate stream for reuse because these VOCs have high enough volatility to 
be separated from the concentrated surfactant solution by gas, steam or vacuum 
stripping (31-33).

Solute partition ratio is defined as the ratio of coacervate solute concentration 
to dilute phase solute concentration. Volatile organics do not tend to have as high of 
a partition ratio as higher molecular weight, less volatile organics. For example, at 
30-50 °c, measured partition ratios of chloroethane range from 15 to 86 (13), 
trichloroethylene from 34 to 105 (12), benzene from 10 to 29 (18), toluene from 28 
to 65 (18), ethylbenzene from 71 to 162 (18), compared to a range of 393 to 634 for 
tert-butylphenol (6). So, multiple stages will often be required to attain a required 
degree of separation for volatile organics. Large scale application of CPE requires a 
continuous steady-state operation for economical operation as with other liquid- 
liquid extraction unit operations. While physically separate extraction stages can be 
used, a column with multiple stages in a single unit is most efficient (34-36).

In continuous differential equipment, a density difference between the fluids 
being contacted makes a countercurrent operation possible. The denser phase enters 
at the top of the column and flows downward, whilst the lighter phase enters at the 
bottom and flows upwards. The cross-sectional area of the column must be large 
enough to avoid flooding. The height of the column is controlled by the rate of mass 
transfer and the amount of material required to be extracted. Due to a small density 
difference between the contacted liquids (the coacervate and the dilute phase), 
gravitational forces are insufficient to promote a good phase dispersion and 
turbulence mixing (34, 35). Hence, mechanical agitation is normally applied to 
improve the performance by increasing the interfacial area per unit volume and 
reducing the mass transfer resistance (37, 38). As shown in Fig. 1, a rotating agitator 
driven by a shaft is typically used since it can create a shear mixing zone axially 
throughout the column in a rotating disc contactor (RDC). The RDC has high 
efficiency per unit height, high throughput, high operational flexibility, ease of 
operation, and low cost (38). The RDC provides a good dispersion between phases 
because of the shear between rotor discs connected to a central rotating shaft.
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Moreover, the stators attached to the inside of the wall of the column serves as 
baffles to reduce back mixing during the extraction.
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EXPERIMENTAL

Materials

A polydisperse commercial branched t-octylphenolpolyethoxylate, OP(OE)7, 
with an average of 7 moles of ethylene oxide per mole of octylphenol (trade name 
Triton X-114) from Dow Chemical Inc. (South Charleston, USA) was used as the 
nonionic surfactant in this study. Reagent grade toluene from J. T. Baker 
(Phillipsburg, USA) with a purity of 99.8 % and ethylbenzene from Fluka (Buchs, 
Switzerland) with a purity of 98 % were used. All chemicals were used as received. 
The water was distilled.

Apparatus: Rotating disk contactor (RDC)

Figure. 1 shows a schematic diagram of the cloud point extraction pilot plant. 
A cylindrical column made of Pyrex glass with 29.2 mm ED has an acrylic water 
jacket with 49.2 mm ID, through which temperature controlled water can be 
circulated. The extractor column has a mixing zone in the middle and a settling or 
empty zone at either end of the column. In order to increase the residence time of the 
raffinate (micellar dilute phase) and the extract phase (coacervate phase) before 
leaving the column, the diameter of the settling zone (100 mm ID) needs to be 
substantially larger than that of the mixing zone (29.2 mm ID). The heights of the 
settling zone and mixing zone are 150 mm and 700 mm, respectively. In the mixing 
zone, there are 32 horizontal rotor discs of 17.52 mm in diameter and 1 mm in 
thickness mounted on a speed adjustable, vertical shaft at the center of the column. In 
addition, there are 33 annular stator rings with an outer and inner diameter of 29.2 
mm and 20.44 mm, respectively and 1 mm in thickness. The opening of the stator 
rings is larger than the rotor disc diameter. The compartment spacing between stators 
is 22 mm. The rotor discs, stators and shaft are made of 316 stainless steel
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Procedures

In general, the phase, which has a lower flowrate and/or possesses a higher 
viscosity, is chosen to be the dispersed phase. In this work, the coacervate or 
surfactant solution (solvent) has been selected to be the dispersed phase. As a result, 
wastewater (feed) is the continuous phase. Based on the density difference, the heavy 
surfactant solution is fed into the top of the column while the light wastewater is fed 
into the bottom of the extractor. The interface is controlled to be at the bottom of the 
column. After the unit was assembled and checked for leaks, the continuous phase 
was fed into the column until the level was above the top agitator, followed by the 
dispersed phase to completely fill the column as indicated by some overflow 
occurring from the top of the column. While filling the column, the water jacket was 
filled with temperature-controlled circulating water under conditions which 
maintained column temperature at 40 °c.

The contaminated feed water and the surfactant solvent solution were fed into 
the extractor counter-currently at defined flowrates regulated by rotameters. When 
the system reached steady state, as indicated by no change in the surfactant and 
solute concentration in the dilute phase with time, samples were collected from the 
effluent dilute phase and the coacervate phase (see Fig. 1) to determine the 
concentration of nonionic surfactant and aromatic solute. In addition, the flowrate of 
the dilute phase stream was determined by measuring the volume of the dilute phase 
collected over a measured time interval whilst the flowrate of the coacervate phase 
stream is obtained from an overall material balance.

The concentrations of OP(EO)7  and aromatic solutes were measured by using 
a CE 2000 series UV-spectrophotometer (Cecil Instrument Limited, Cambridge, 
England) at 224 nm and a gas chromatograph with a flame ionization detector 
(Perkin Elmer, Inc., Shelton, USA), respectively. Because of the high volatility of 
aromatic solutes, static headspace sampling was used as the sample injection 
technique which eliminated interference of the high molecular weight nonionic 
surfactant. The gas chromatograph conditions were: column: Supelcowax 10; carrier: 
ultra-pure nitrogen with the flowrate of 20 mL/min; oven temperature: 100 °c 
isothermal, injector temperature: 150 °C; detector temperature: 250 °c. The external
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stan d a rd  q u a n tita tiv e  ca lib ra tio n s  w e re  o b ta in ed  fo r th e  a n a ly s is  o f  su rfa c ta n t and 
a ro m a tic  so lu te s  in  b o th  phases. C lo su re  o f  th e  m ate ria l b a la n c e  is  ta k e n  as ev id en ce  
th a t le ak ag e  o f  th e  v o la tile  so lu te  is n eg lig ib le .

T h e  R D C  o p e ra tin g  co n d itio n s  an d  v a r ia b le s  w e re  as fo llo w s: co lu m n  
te m p e ra tu re : 4 0  °C; c o n c e n tra tio n  o f  su rfac tan t: 3 00  m M ; c o n c e n tra tio n  o f  a ro m a tic  
p o llu ta n t in  w a s te w a te r: 1 0 0  ppm ; a g ita to r  speed : 0  to  2 0 0  rpm ;
w a s te w a te r /su rfa c ta n t so lu tio n  f lo w ra te  ra tio  (fe e d /so lv e n t f lo w ra te  ra tio ): 5 .97  to  
13.70; so lu tes: to lu e n e  an d  e th y lb en zen e .
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RESULTS AND DISCUSSION 

Steady state time analysis

A  d e te rm in a tio n  o f  th e  tim e  to  a tta in  s tead y  s ta te  in th e  R O C  is d e te rm in e d  by 
m easu rin g  th e  c o n c e n tra tio n  o f  so lu te  in th e  e fflu en t d ilu te  p h ase  as a  fu n c tio n  o f  
tim e. T h e  c o n c e n tra tio n  o f  th e  so lu te  in th e  w a s te w a te r  feed  s tream  an d  th e  p o sitio n  
o f  th e  in te rfa c e  w e re  d e te rm in e d  to  be  co n s tan t th ro u g h o u t th e  ex p e rim en t.

P h en o l w a s  u sed  as th e  so lu te  in th e  d e te rm in a tio n  o f  tim e  to  a tta in  s tead y  
s ta te  fo r c o n v e n ie n c e  b e c a u se  it has s im ila r  m o le c u la r  s tru c tu re  and  s ize  b u t lo w er 
v o la tility  th a n  th e  ta rg e t so lu te s  (to lu en e  and  e th y lb e n z e n e )  u se d  in th is  s tu d y ; hence, 
less c o n c e rn  ab o u t loss o f  so lu te  in to  th e  h ea d -sp a c e . T h e  e ffe c t o f  
w a s te w a te r/su rfa c ta n t f lo w ra te  ra tio  on  th e  s tead y  s ta te  tim e  is sh o w n  in F ig . 2. T h e  
in le t p h en o l c o n c e n tra tio n  w as held  c o n s ta n t at 500  ppm  in e v e ry  e x p e rim e n t. T h e  
w a s te w a te r/su rfa c ta n t so lu tio n  flo w ra te  ra tio  w as  v a ried  fro m  6 .9  to  13.9 to  co v e r th e  
en tire  w a s te w a te r/su rfa c ta n t ra tio  ran g e  u sed  in su b se q u e n t e x p e rim e n ts . A s the  
f lo w ra te  ra tio  in c reases , th e  sy stem  reach es  s tead y  s ta te  fa s te r  b u t th e  c o n c e n tra tio n  
o f  p h en o l in th e  d ilu te  p h ase  is h igher, w h ich  in d ic a te s  p o o re r  e x tra c tio n  e ffic ien cy . 
A t the  lo w es t w a s te w a te r/su rfa c ta n t f lo w ra te  ra tio  s tu d ied  h e re , th e  sy s te m  ta k e s  3.5 
h o u rs  to  reach  s tead y  sta te . T h e re fo re , 4  h o u rs  o f  o p e ra tio n  w a s  a llo w e d  fo r all ru n s 
to  en su re  s te ad y  s ta te  is a tta ined .

Effect of agitator speed in CPE of toluene

T h e  ro ta tio n  sp eed  o f  th e  ro to r  d isc  d o e s  n o t sh o w  a s ig n if ic a n t e ffe c t on  th e  
su rfac tan t c o n c e n tra tio n  in th e  c o a c e rv a te  so lu tio n , b u t it c au se s  a su b stan tia l 
in c rease  in th e  su rfac tan t c o n c e n tra tio n  in th e  d ilu te  p h ase  a s  sh o w n  in F ig . 3. A t 
h ig h e r a g ita to r  sp eed , th e  c o a c e rv a te  p h ase  is b ea ten  up  in to  tin y  d ro p s , w h ich  can 
en tra in  to  th e  to p  o f  th e  co lu m n  w ith  th e  d ilu te  p h ase  as  in d ic a te d  by  a h ig h e r 
su rfac tan t c o n c e n tra tio n  in th e  d ilu te  phase. B ey o n d  a sp eed  o f  2 0 0  rpm , f lo o d in g  is 
ap p ro ach ed  b e c a u se  th e  c o a c e rv a te  d ro p s  a re  to o  fine to  f lo w  d o w n w a rd  and  se ttle  
d o w n  ag a in s t th e  d ilu te  p h ase  s tream , w h ich  f lo w s  u p w ard . T h e  f lo o d in g  co n d itio n
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c o rre sp o n d s  to  th e  ap p e a ra n ce  o f  a c lo u d y  su rfa c ta n t so lu tio n  a t a  ce rta in  lo ca tio n  in 
th e  m ix in g  zo n e . B e lo w  th a t p a rtic u la r  p o s itio n , th e re  is no  a p p e a ra n ce  o f  th e  
c o a c e rv a te  d ro p le ts .

W h en  th e  ag ita tio n  sp eed  in c reases , th e  d isp e rsed  d ro p  size  is sm aller, 
re su ltin g  in a h ig h e r in te rfac ia l a rea  and  lo n g e r re s id e n c e  tim e  o f  d ro p le ts  in the  
m ix in g  z o n e  (3 7 -3 9 ). T o n g  e t al. (3 8 ) s tu d ied  th e  e ffec t o f  a g ita to r  sp eed  in a  R D C  in 
th e  rev e rsed  m ic e lla r  ex tra c tio n  o f  ly so zy m e . T h ey  re p o rte d  th a t 70  to  90  %  o f  
ly so zy m e  w a s  e x tra c te d  and  ex tra c tio n  e ffic ie n cy  d e p en d ed  on  a g ita to r  speed . F ig. 4 
sh o w s an  in c re a se  in to lu e n e  c o n c e n tra tio n  in th e  c o a c e rv a te  so lu tio n  w ith  in c reased  
ro ta tio n  sp eed  o f  th e  ro to r  disc. T h e  to lu e n e  c o n c e n tra tio n  in  th e  d ilu te  p h ase  
d ec reased  fro m  2 9 .2  ppm  w ith  no  ro ta tin g  a g ita to r  to  12.9 ppm  a t an  a g ita to r  sp eed  o f  
2 00  rpm . W ith  no  ag ita tio n , th e  sta tic  ro to rs  and  sta to rs  se rv e  as  b a ff le s  to  b reak  up 
th e  c o a c e rv a te  d ro p le ts  a lo n g  th e  co lum n . T h e  av e ra g e  c o a c e rv a te  d ro p  size  w ith  no 
ag ita tio n  is v isu a lly  la rg e r th an  th a t o b ta in ed  w h en  m ech an ica l a g ita tio n  is ap p lied .

A lth o u g h  an  in c rea se  in a g ita tio n  en h an ces  th e  e x tra c tio n  e ffic ie n cy , th e re  is 
a  lim ita tio n . B e y o n d  a ce rta in  p o in t, an  ex cess iv e  a g ita tio n  m ay  in h ib it th e  p ro cess  
(37 , 39). T h e  p a rtitio n  ra tio  o f  su rfa c ta n t and  to lu en e  a re  sh o w n  in F ig . 5. w h e re  th e  
frac tio n  o f  to ta l su rfac tan t p re sen t and  frac tio n  o f  to lu e n e  e x tra c te d  in  th e  c o a c e rv a te  
p h ase  a re  sh o w n  in Fig. 6 . T h e  p a rtitio n  ra tio  is th e  ra tio  o f  so lu te  o r  su rfac tan t 
c o n c e n tra tio n  in th e  c o a c e rv a te  p h ase  to  th a t o f  in th e  d ilu te  phase . A  h ig h e r  p a rtitio n  
ra tio  in d ic a te s  a  b e tte r  sep ara tio n . F ig. 5 illu s tra te s  an  in c re a se  in to lu e n e  p a rtitio n  
ra tio  as th e  a g ita to r  speed  is ra ised . O n  th e  o th e r hand, th e  su rfa c ta n t p a rtitio n  ra tio  
d ec rea ses  w h e n  th e  a g ita to r  speed  is in c reased  d u e  to  th e  e n tra in m e n t o f  th e  
c o a c e rv a te  d ro p s . A t an a g ita to r  sp eed  o f  150 rpm , th e  to lu e n e  p a r titio n  ra tio  as  h igh 
as 81 .9  is o b se rv e d  and  87.5  %  o f  to lu e n e  a re  e x tra c te d  in to  th e  c o a c e rv a te  so lu tio n  
as seen  in F ig . 6 . T h e re  is no  s ig n if ic a n t fu r th e r  c h a n g e  in e x tra c to r  p e rfo rm a n c e  as 
th e  ag ita to r  sp eed  fu rth e r in c rea se s  from  150 rp m  to  2 00  rpm . B e y o n d  a  sp eed  o f  200 
rpm , f lo o d in g  occu rs . A lth o u g h  th e re  is th e  e n tra in m e n t o f  c o a c e rv a te  d ro p le ts , m ore  
th an  92 %  o f  th e  su rfac tan t re s id es  in th e  e ff lu e n t c o a c e rv a te  so lu tio n  a t every  
ag ita to r  sp eed  s tu d ied  here.

Effect of wastewater/surfactant flowrate ratio on the CPE of toluene
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T h e  su rfa c ta n t c o n c e n tra tio n s  in th e  c o a c e rv a te  and  th e  d ilu te  p h ase  a re  n o t 
m u ch  a ffe c ted  by  th e  w a s te w a te r/su rfa c ta n t f lo w ra te  ra tio  as  sh o w n  in F ig  7. 
T h e re fo re , th e  f lo w ra te  o f  th e  e x tra c te d  c o a c e rv a te  p h ase  d e c re a se s  w ith  in c rea s in g  
w a s te w a te r/su rfa c ta n t f lo w ra te  ra tio  as req u ired  fro m  m ate ria l b a lan ce  
co n s id e ra tio n s . T h is  re su lt co rre sp o n d s  to  th a t  o b ta in ed  fro m  b a tc h  e x p e rim e n ts  in 
p rev io u s  w o rk  w h en  th e  to ta l su rfa c ta n t c o n c e n tra tio n  w as v a rie d  (12 , 18). A  h ig h e r 
to lu en e  c o n c e n tra tio n  in th e  c o a c e rv a te  so lu tio n  is o b se rv e d  w h e n  th e  f lo w ra te  ra tio  
in c rea se s  (o r  th e  f lo w ra te  o f  su rfac tan t so lu tio n  d e c re a ses)  d u e  to  a  lo n g e r  re s id en ce  
tim e  o f  th e  c o a c e rv a te  d ro p s  in  th e  ex tra c tio n  co lu m n . H o w ev e r, th e  c o n c e n tra tio n  o f  
to lu e n e  in th e  d ilu te  p h ase  is n o t s ig n ific an tly  a ffe c ted  by  th e  w a s te w a te r/su rfa c ta n t 
f lo w ra te  ra tio  as d e m o n s tra te d  in F ig . 8 . A n in c rea se  in f lo w ra te  ra tio  d o e s  n o t hav e  a 
su b stan tia l e ffe c t on  th e  to lu e n e  and  su rfa c ta n t p a rtitio n  ra tio s  and  th e  fra c tio n  o f  
to lu en e  an d  su rfa c ta n t re ta in in g  in th e  c o a c e rv a te  so lu tio n  as illu s tra te d  in  F ig. 9 and 
Fig. 10, re sp ec tiv e ly . A s an  illu s tra tio n  o f  th e  e ffe c tiv en e ss  o f  th is  s e p a ra tio n  in th e  
R D C , at a  w a s te w a te r/su rfa c ta n t f lo w ra te  ra tio  o f  5 .79 , th e  su rfa c ta n t and  to lu e n e  
p a rtitio n  ra tio  a re  153.1 and  93 .8 , re sp ec tiv e ly . In ad d itio n , th e  fra c tio n  o f  to lu e n e  
e x tra c te d  in  th e  c o a c e rv a te  so lu tio n  is 9 0 .0  %  and  9 3 .6  %  o f  su rfa c ta n t p re se n ts  in th e  
c o a c e rv a te  so lu tio n

Effect of solute structure in CPE

A  c o m p a riso n  o f  so lu te  p a rtitio n  ra tio , su rfac tan t p a r titio n  ra tio , and  th e  
frac tio n  o f  so lu te  e x tra c te d  in th e  c o a c e rv a te  so lu tio n  b e tw e e n  to lu e n e  and 
e th y lb e n z e n e  a re  sh o w n  in F ig. 11. E th y lb e n z e n e  can  d ep re ss  th e  c lo u d  p o in t o f  th e  
sy stem  m o re  th a n  to lu en e  as sh o w n  in a  p re v io u s  p a p e r  (1 8 ), re su ltin g  in th e  
o p e ra tin g  te m p e ra tu re  b e in g  m o re  ab o v e  th e  c lo u d  p o in t and  th e  su rfa c ta n t p a rtitio n  
ra tio  b e in g  h ig h e r fo r  th e  e th y lb e n z e n e  system . T h e  so lu te  p a r titio n  ra tio  and  the  
frac tio n a l e x tra c tio n  o f  e th y lb e n z e n e  a re  h ig h e r  th an  th a t o f  to lu en e . In  ad d itio n  to  
th e  c lo u d  p o in t d e p re ss io n  e ffec t, th is  is d u e  to  e th y lb e n z e n e  h a v in g  lo w e r w a te r  
so lu b ility  th a n  to lu e n e ; h en ce  it te n d s  to  so lu b iliz e  to  a  g re a te r  d e g re e  in to  th e  
m ice lle s  in  th e  c o a c e rv a te  phase. T h ese  sa m e  tre n d s  w e re  a lso  o b se rv e d  in 
eq u ilib riu m  b a tch  ex p e rim en ts . A t 40  ๐c ,  th e  e th y lb e n z e n e  p a rtitio n  ra tio  is 192.7
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and  9 4 . 4  %  o f  e th y lb e n z e n e  is e x tra c te d  in th e  c o a c e rv a te  so lu tio n  c o m p a re d  to  a 
to lu en e  p a r titio n  ra tio  o f  8 1 .9  and  87 .5  %  o f  to lu e n e  e x tra c te d  in th e  c o a c e rv a te  
so lu tion .

Determination of number of transfer unit (NTU), height of transfer unit (HTU) 
and the overall volumetric mass transfer coefficient (Ka)

T h e  H T U  is th e  co lu m n  h e ig h t req u ired  to  a tta in  th e  se p a ra tio n  w h ich  is 
eq u iv a len t to  o n e  eq u ilib riu m  b a tch  ex tra c tio n  and  th e  N T U  is th e  n u m b e r o f  th ese  
sin g le  s tag e , b a tc h  ex tra c tio n  e q u iv a le n ts  in th e  ex p e rim en ta l c o lu m n  used . T h e  H T U  
is p a rtic u la rly  im p o rta n t in th e  d esig n  o f  in d u s tr ia l sca le  e x tra c tio n  co lu m n s . B ased  
on  th e  d e s ig n  o f  d iffe ren tia l e x tra c to rs  in th e  lite ra tu re , th e  g rap h ica l m e th o d  can  be 
u sed  to  d e te rm in e  th e  N T U  by  c o n s tru c tin g  th e  e q u ilib r iu m  lin e  an d  th e  o p e ra tin g  
line  on  a p lo t b e tw e e n  th e  m a ss  frac tio n  o f  to lu e n e  in  th e  c o a c e rv a te  p h a se  (X to u ) and 
th e  m ass  fra c tio n  o f  to lu e n e  in th e  d ilu te  p h ase  (Y tou ). T h e  s lo p e  o f  th e  eq u ilib riu m  
lin e  is a p a rtitio n  ra tio  o b ta in ed  fro m  b a tc h  ex p e rim e n ts  a t e q u ilib riu m , w h e re a s  th e  
s lo p e  o f  th e  o p e ra tin g  line  is th e  ra tio  o f  m ass  f lo w ra te  o f  th e  c o a c e rv a te  p h ase  to  
m ass  f lo w ra te  o f  th e  d ilu te  p h ase  at th e  re lev an t p o sitio n  in th e  e x tra c to r  (35 ). In ou r 
case, w e  a ssu m e  th a t th e  m ass  f lo w ra te s  o f  b o th  p h ases  a re  c o n s ta n t s in ce  th e  
v o lu m e s  o f  th e  se p a ra te d  p h ases  a re  g o v e rn e d  by  th e  o p e ra tin g  te m p e ra tu re , w h ic h  is 
held  c o n s ta n t th ro u g h o u t th e  co lum n . T h e re fo re , th e  o p e ra tin g  lin e  is a  s tra ig h t line  
w ith  a c o n s ta n t slope. T h e  N T U  can  be  ev a lu a te d  by  e ith e r  d ra w in g  a  s tep  line 
b e tw e e n  th o se  tw o  lines as in th e  M c C a b e -T h ie le  m e th o d  o r  b y  a  n u m e ric a l m e th o d  
(34 , 35). S in ce  th e  to ta l a c tiv e  h e ig h t o f  th e  ex trac tio n  co lu m n  is a  p ro d u c t o f  N T U  
and H T U , th e  H T U  is ca lcu la ted . A sm a lle r  H T U  (o r  h ig h e r N T U ) sh o w s  a h ig h e r  K a  
o r  b e tte r  ex tra c tio n  e ffic ien cy . F ig . 12 sh o w s th a t N T U  in c re a se s  as  th e  a g ita to r  
speed  in c rea se s , fro m  1.3 tra n s fe r  u n its  w ith  no ag ita tio n  to  th e  2 .3 tra n s fe r  u n its  at a 
ro ta tin g  d isc  sp eed  o f  150 rpm . A s a  resu lt, th e  H T U  d e c re a se s  w h e n  th e  a g ita to r  
speed  is ra ised , fro m  53.1 cm . p e r tra n s fe r  u n it a t no  ag ita tio n  to  30 .5  cm . p e r tran sfe r  
un it a t an a g ita to r  speed  o f  150 rpm . W h e n  th e  a g ita to r  sp eed  is in c rea sed , th e  
in te rfac ia l a rea  o f  th e  c o a c e rv a te  d ro p s  in c rea se s  as d ro p le t d ia m e te r  d ec reases , 
lead in g  to  a  h ig h e r K a as illu s tra te d  in F ig. 13. T h e  K a  o b ta in ed  in th is  s tu d y  (in  th e
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ran g e  o f  10 ' 4  to lO ' 3 ร'1) is on  th e  sam e o rd e r  as th a t re p o r te d  by  T o n g  e t al. in th e  
rev e rsed  m ic e lla r  ex trac tio n  o f  p ro te in s  (in  th e  ran g e  o f  10 ' 3 to  lO ' 2 ร'1) (3 8 ).

Comparison of extraction performance between batch and continuous operation

T h e  su rfa c ta n t and  to lu e n e  c o n c e n tra tio n  in th e  c o a c e rv a te  so lu tio n , as w ell as 
th e  p a rtitio n  ra tio  o b ta in ed  from  a  b a tch  eq u ilib riu m  s in g le  s ta g e  and  from  
co n tin u o u s  o p e ra tio n , a re  sh o w n  in F ig . 14. T h e  su rfa c ta n t c o n c e n tra tio n  in the  
co a c e rv a te  so lu tio n  fro m  b o th  o p e ra tio n s  a re  n early  th e  sam e. H o w e v e r, the  
su rfac tan t p a rtitio n  ra tio  o b ta in ed  fro m  th e  e x tra c to r  is n o tab ly  less  th an  th a t o b ta in ed  
fro m  th e  b a tc h  e x p e rim e n t d u e  to  th e  e n tra in m e n t o f  c o a c e rv a te  d ro p s  w ith  th e  d ilu te  
phase , re su ltin g  in a h ig h e r su rfa c ta n t c o n c e n tra tio n  in th e  d ilu te  p h a se  and  a  lo w e r in 
su rfac tan t p a rtitio n  ra tio . T h e  c o n c e n tra tio n  o f  to lu e n e  in th e  c o a c e rv a te  so lu tio n  
o b ta in ed  fro m  th e  c o n tin u o u s  e x tra c to r  is tw o fo ld  h ig h e r  th an  th a t  o b ta in e d  fro m  the  
b a tch  e x p e r im e n t sin ce  it is a  m u ltis ta g e  ex tra c tio n  c o m p a re d  to  a  s in g le  stag e  
ex tra c tio n  in  th e  b a tch  o p e ra tio n ; th e  N T U  can  be  as h ig h  as 2.3 o r  th e  eq u iv a len t o f
2.3 b a tch  e x tra c to rs  in th e  c o n tin u o u s  co lu m n . O b v io u sly , th e  co lu m n  h e ig h t can  be 
ad ju s te d  in  d e s ig n in g  a co m m erc ia l u n it to  p e rm it as m an y  e q u iv a le n t s tag es  as 
n eeded .

T h is  s tu d y  has d e m o n s tra te d  th a t  sca lin g  up  C P E  to  a c o n tin u o u s  ex trac tio n  
u n it is s tra ig h tfo rw a rd  and  th e  n o rm al ty p e  o f  d e s ig n  p a ra m e te rs  to  d e s ig n  a 
c o m m erc ia l c o lu m n  to  a tta in  any  d e s ired  d eg ree  o f  sep a ra tio n  (H T U  o r  K a) can  be 
o b ta in ed  fro m  a  p ilo t sca le  ex tra c tio n  co lum n . S o m e  sm all e n tra in m e n t o f  co a c e rv a te  
in to  th e  d ilu te  p h ase  is th e  o n ly  fa c to r  o b se rv ed  w h ich  d e c re a se s  p e rfo rm a n c e  o f  the  
R D C  c o m p a re d  to  p red ic tio n s  fro m  eq u ilib riu m  s tag e  o p e ra tio n s  a s  lo n g  as f lo o d in g  
co n d itio n s  a re  av o id ed .
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F ig u re  1. A  sch em a tic  d iag ram  o f  th e  c lo u d  p o in t e x tra c tio n  p ilo t p lant.

F ig u re  2. P h en o l c o n c e n tra tio n  in d ilu te  p h ase  s tre a m  (d ) as a  fu n c tio n  o f  
o p e ra tin g  tim e  (system : 500  p p m  p h en o l, 3 0 0  m M  su rfa c ta n t so lu tio n , 150 rpm  
a g ita to r  speed , and  40  °C).
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F ig u re  3. S u rfac tan t co n cen tra tio n  in c o a c e rv a te  s tream  (c) and  d ilu te  p h ase  
s tream  (d ) as  a fu n c tio n  o f  a g ita to r  sp eed  (sy stem : 100 p p m  to lu e n e , 300  
m M  su rfa c ta n t so lu tio n , 6 .9/1 w a s te w a te r/su rfa c ta n t so lu tio n  f lo w ra te  ra tio , 
and  40  °C).
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F ig u re  4. T o lu en e  c o n c e n tra tio n  in c o a c e rv a te  s tream  (c ) and  d ilu te  p h ase  
s tream  (d ) as a fu n c tio n  o f  a g ita to r  sp eed  (sy stem : 100 p p m  to lu e n e , 300  
m M  su rfa c ta n t so lu tio n , 6 .9 /1  w a s te w a te r/su rfa c ta n t so lu tio n  flo w ra te  
ra tio , and  4 0  °C).
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F ig u re  5. S u rfac tan t and  to lu e n e  p a rtitio n  ra tio  as  a fu n c tio n  o f  a g ita to r  
sp eed  (sy stem : 100 ppm  to lu en e , 300  m M  su rfa c ta n t so lu tio n , 6.9/1 
w a s te w a te r /su rfa c ta n t so lu tio n  f lo w ra te  ra tio , and  40  °C).
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F ig u re  6 . F rac tio n  o f  to ta l su rfac tan t p re sen t in c o a c e rv a te  s tream  and  
fra c tio n  o f  to lu e n e  e x tra c te d  in c o a c e rv a te  s tream  as a  fu n c tio n  o f  a g ita to r  
sp eed  (sy stem : 100 ppm  to lu en e , 3 00  m M  su rfa c ta n t so lu tio n , 6.9/1 
w a s te w a te r/su rfa c ta n t so lu tio n  f lo w ra te  ra tio , and  40  °C).
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Figure 7. Surfactant concentration in coacervate stream (c) and dilute phase 
stream (d) as a function of wastewater/surfactant solution flowrate ratio 
(system: 100 ppm toluene, 300 mM surfactant solution, 150 rpm agitator 
speed, and 40 °C).

Figure 8. Toluene concentration in coacervate stream (c) and dilute phase 
stream (d) as a function of wastewater/surfactant solution flowrate ratio 
(system: 100 ppm toluene, 300 mM surfactant solution, 150 rpm agitator 
speed, and 40 °C).
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Figure 9. Surfactant and toluene partition ratio as a function of 
wastewater/surfactant solution flowrate ratio (system: 100 ppm toluene, 300 
mM surfactant solution, 150 rpm agitator speed, and 40 °C).
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Figure 10. Fraction of total surfactant present in coacervate stream and fraction 
of toluene extracted in coacervate stream as a function of wastewater/surfactant 
solution flowrate ratio (system: 100 ppm toluene, 300 mM surfactant solution, 
150 rpm agitator speed, and 40 °C).
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Figure 11. Comparison of surfactant and solute partition ratio and fraction of 
solute extracted in coacervate stream between toluene and ethylbenzene (system: 
100 ppm solute, 300 mM surfactant solution, 6.9/1 wastewater/surfactant solution 
flowrate ratio, 150 rpm agitator speed, and 40 °C).

Figure 12. Number of transfer unit (NTU) and height of transfer unit (HTU) 
as a function of agitator speed (system: 100 ppm toluene, 300 mM surfactant 
solution, 6.9/1 wastewater/surfactant solution flowrate ratio, and 40 °C).
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Figure 13. Overall volumetric mass transfer coefficient (Ka) as a function of 
agitator speed (system: 100 ppm toluene, 300 mM surfactant solution, 6.9/1 
wastewater/surfactant solution flowrate ratio, and 40 °C).
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Figure 14. Comparison of surfactant and toluene concentration in coacervate 
stream (c) and partition ratio between a single stage equilibrium, batch and 
multistage, continuous operation (system: batch; 3.75 wt % surfactant, 100 
ppm toluene, and 40 °c. continuous; 2.03 wt % surfactant, 100 ppm toluene, 
6.9/1 wastewater/surfactant flowrate ratio, 150 rpm agitator speed, and 40 °C).
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