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Figure 5 Surfactant and toluene partition ratio 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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CHAPTER IV
SCALING UP CLOUD POINT EXTRACTION OF AROMATIC
CONTADMINANTS FROM WASTEWATER IN A CONTINUOUS
ROTATING DISC CONTACTOR: PART 2. EFFECT OF
OPERATING TEMPERATURE AND ADDED ELECTROLYTE
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ABSTRACT

When a nonionic surfactant solution is heated above the cloud point. a phase
separation occurs Two isotropic phases are formed. a mucellar-rich or coacervate
phase and a mucellar-dilute phase. The organic contaminant dissolved in the
wastewater tends to solubilize into the micelles and concentrate in the coacervate
phase resulting 1n a low concentration of contaminant 1n the dilute phase. This cloud
point extraction was scaled up from batch to continuous operation in a multistage
rotating disc contactor to remove toluene from wastewater. The t-
octylphenolpolyethoxylate was utilized as a nonionic surfactant. The surfactant
partition ratio. toluene partition ratio and the concentration of surfactant and toluene
in the coacervate phase increase with increasing temperature. The addition of NaCl
shows corresponding results to an increase in operating temperature. The overall
volumetric mass transfer coetlicient and the number of transfer unit increase and the

height ot transfer unit decreases when temperature is raised.
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INTRODUCTION

A cloud point extraction (CPE) has been successfully demonstrated to
remove and preconcentrate the organic pollutants from an aqueous wastewater with
high separation factors in batch experiments for decades (1-11). It occurs when an
aqueous solution of nonionic surfactant is heated above a certain temperature known
as the cloud point. The solution separates into two isotropic phases: a micellar-rich or
coacervate phase and a micellar-dilute phase (1-14). The coacervate phase i1s a
viscous phase, which is generally denser than the dilute phase and can be very
concentrated n surfactant, sometimes exceeding 50 wt %. The surfactant
concentration in the dilute phase is much more dilute than the coacervate:
approximately 2-20 times the cntical micellar concentration (CMC). The pollutants
dissolved in the wastewater will solubilize into the surfactant micelles and
concentrate in the coacervate phase leading to a low concentration of organic
pollutants presence in the dilute phase (8-11). If a single stage extraction results in
insufficient purification. multiple stages can be used as with traditional liquid-liquid
extraction as investigated in this paper. The dilute phase, which contains a low
concentration of organic pollutants, can be discharged to the environment as the
effluent water. If the volatile organic solute is removed from the coacervate phase by
vacuum stripping, the solute-free coacervate stream is available for reuse. When the
organic solutes are non-volatile organic compounds or in low-volume applications
where regeneration of the coacervate 1s not worthwhile, the coacervate phase. which
contains a high solute concentration in small volume, can be disposed or incinerated.
From our previous work, we have shown in batch experiments that CPE is a
promising technique to remove aromatic compounds (benzene, toluene, and
ethylbenzene) from aqueous wastewater by concentrating them in the coacervate
phase (9-11). These chemicals are common pollutants of great environmental
concern originating from industrial effluents and gasoline tank leakage. The
objective of this work is to scale up the cloud point extraction technique to remove
volatile aromatic contaminants from wastewater continuously in a differential
rotating disc contactor (RDC). The effects of column operating temperature and

added electrolyte on the CPE of toluene will be studied here.



BACKGROUND

A phase separation of the nonionic surfactant solution can be induced by a
change in temperature or salt concentration. This phase separation is reversible on
cooling. Two phases can merge together forming a homogenous micellar solution (3.
6). The lowest temperature at which this phenomenon takes place is the lower critical
temperature or lower consolute temperature (LCT) at the critical surfactant
concentration (13). At other surfactant concentrations, this temperature 1s referred as
the cloud point. The cloud point is not highly concentration dependent and generally
defined at 1 wt % of surfactant concentration (16). When the nonionic surfactant
agqueous solution approaches the cloud point, the dehydration of the hydrophilic head
groups on the exterior layer of the nonionic surfactant micelies 1s promoted as
indicated by a gradual decrease in polarity of the environment around a fluorescent
probe (17). At the cloud point, there is a sharp decrease in polarity indicating that a
less polar coacervate phase 1s forming. When temperature increases, the micelles
grow with higher aggregation number to form larger entities (17. 18). Glatter et al.
{19) reported that a sphere-to-rod micelle shape transition for n-alkyl polyglycol
ether (CiE|) occurs as temperature increases.

The cloud point can be altered by varying the nonionic surfactant structure.
An increase in the degree of polymerization of ethylene oxide and a decrease in the
hydrocarbon chain length of the hydrophobic moiety of the nonionic surfactant can
elevate the cloud point (3, 12, 13, 20-22). At constant degree of polymerization of
ethylene oxide, the cloud point can be reduced by a branching of the hydrophobic
group and a decrease in molecular weight of the surfactant. Polar compounds such as
benzene and phenol, which solubilize in the outer regions of the micelle, depress the
cloud point probably due to a decrease in the number of hydratable sites of
polyoxyethylene chains (12). In addition, the cloud point can be influenced by the

addition of electrolyte due to the salting-in and the salting-out effect depending on

the type of ions. The ions that are water structure formers, i.e. SO;, OH ", F . and

Cl17, depress the cloud point by reducing the availability of free water molecules to

hydrate the polyethylene oxide head groups. Meanwhile, the water structure breaker
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tons. ie | and SCN . raise the cloud point by enhancing the number of free water
molecules available to interact with the polvethylene oxide head group (1. 12, 23,
24) In a mixed system of nonionic and ionic surfactant, the cloud point is raised due
to an increase in electrostatic repulsion between micelles which opposed the
immtermucellar attraction (17, 25, 26).

A single stage CPE has been shown to be a promising technique to remove
the organic pollutants and biomaterial from an aqueous stream 1n equilibrium batch
experiments (1-11). However. the CPE of volatile organic solutes has received
limited attention, even though they are common pollutants of great environmental
concern. The unpopularity of volatile organics for study i1s probably due to a
difficulty in minimizing leakage of solutes with high vapor pressures as detailed in
our previous batch studies of trichloroethvlene, dichloroethane. trichloroethane,
tetrachloroethane, benzene, toluene, and ethylbenzene (9-11). A major advantage of
CPE of volatile organic pollutants i1s, surfactan: regeneration of the coacervate stream
for reuse i1s teasible by gas. steam or vacuum stripping since these organics have high
volatility (27-29}.

For economical operation, a continuous multistage extractor in steady state
operation is desirable. The denser phase enters at the top of the column and flows
downward, whilst the lighter phase enters at the bottom of the column and flows
upward. Due to a small density difference between the coacervate and dilute phase.
an external energy for mixing and separation is applied by mechanical agitation to
make the counter-current extraction possible (30). The cross-sectional area of the
column must be large enough to avoid flooding (31). Since the concentrations of
both liquids differentially change along the column, the height of tower is expressed
in term of transfer units instead of steps or stages. As shown in Fig 1. a rotating disc
contactor (RDC} is applied to CPE due to its high efficiency per unit height, hich
throughput, high operational flexibility and ease of operation (32) A shear force
generated by rotor discs provides a good phase dispersion. Unlike some type of
extractors, a phase dispersion is induced by blade or impeller which may cause foam
formation, resulting in a lower extraction efficiency since pressure drops across the

column are increased. Moreover, the stators attached to the internal wall of the

column behave as baffles to reduce back mixing between stages. The severe back
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mixing may reduce the concentration driving force. Thus. the mass transfer rate 1s

decreased (33).
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ENPERIMIENTAL

Maternals

The reagent grade toluene from 1T Baker (Phillipsburg. USA) with purity
of 99 8 % and NaCl from AJAX chenucal (Auburn, Australia) with purity of 99 9 9,
were used A polvdisperse commercial branched t-octviphenolpolvethoxvlate, OP
(OE)-, with an average of 7 moles of ethylene oxide per mole of octvlphenol (trade
name Triton N-114) purchased trom the Dow Chemical Inc (Charleston, LISA) was

used as the nomionic surtactant All chemicals were used as received The water was

destilled

Apparatus Rotatung disk contacter {RDO)

Froure. 1 shows a schemauc diagram ot the cloud point extraction umt A
cvlhindrical column made of Pyrex glass with 29 2 mm 1D has an acrylhic water jacket
with 492 mm 1D, through wiich temperature controlled water can be circulated The
extractor column has a muixing zone 1n the middle and a settling or empty zone at
either end ot the column In order to increase the residence time of the raftinate
(mucellar dilute phase) and the extract phase (coacervate phase) before leaving the
column. the diameter of the setthing zone (100 mm 1D) 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 honzontal rotor discs of 17 532 mm m diameter and 1 mm in thickness
mounted on a speed adjustable, vertical shafl at the center of the column In addition.
there are 33 annular stator rings with the outer and inner diameter of 29 2 mm and
2044 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 shati are made of 316 stainless steel

Procedures



In general. the phase. which has a lower tlowrate 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 diftference, the heavy
surtactant solution is fed in 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 ted into the column until the level was above the top agitator. tollowed by the
dispersed phase to completelv fill the column as indicated by some overtlow
occurmng 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 at desired temperature.

The contaminated feed water and the surtactant solvent solutions were fed
into the extractor counter-currently at defined flowrates regulated by the rotameters
When the system reached steadv state. as indicated by no change in the surfactant
and solute concentration in the dilute phase with time. samples were collected from
the extract phase and the raftinate phase 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 matenal balance.

The concentrations of OP(EO)» and aromatic solutes were measured by using
a CE 2000 senes 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 tnterference 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 standard quantitative calibrations were obtained for ine analysis of
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surfactant and aromatic solutes in both phases. Closure of the material balance is
taken as evidence that leakage of the volatile solute is negligible.

The RDC operating conditions and variables were as follows: operating
temperatures: 40 to 50 °C; concentration of surfactant solution: 300 mM;
concentration of aromatic pollutant in wastewater: 100 ppm: concentrations of NaCl:
0 to 0.6 M: agitator speed: 150 rpm:; wastewater/surfactant solution flowrate ratio

(feed/solvent flowrate ratio): 6.9/1 and solute: toluene.
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RESULTS AND DISCUSSION

Most studies of liquid-liquid extraction in the RDC have been focused on the
hydrodynamics and mass transport aspects. There are many attempts to improve the
extraction performance by considering the effect of rotation of the rotor disc on the
dispersed phase drop size, characteristic velocity of drops. etc. (34-37). However. an
adjustment of temperature and the addition of foreign substances do not generally
have a dramatic eftect on the extraction efficiency in these customarv systems. In
contrast. in CPE. the extraction efficiency can be highly dependent on operating

temperature and electrolyte addition.

Effect of temperature on cloud point extraction of toluene

When temperature increases, the system is further away from the cloud point
leading the nonionic surfactant to be less water soluble. The dehvdration of the
hydrophilic polyethoxylate groups of the surfactant enhances the intermicellar
attraction, which makes the coacervate more concentrated and with lower volume as
temperature is raised above the cloud point. The surfactant concentration in the
coacervate phase increases substantially while that in the dilute phase declines with
increasing temperature as shown in Fig. 2. The flowrate of the coacervate phase
decreases when temperature 1s ratsed as required from material balance
considerations. The micellar size and aggregation number of the nonionic surfactant
micelles increase with increasing temperature especially beyond the cloud point (17-
19). The increased surfactant concentration in the coacervate with increasing
temperature results in a higher toluene concentration in the coacervate phase as
shown in Fig. 3. In addition, the concentration of toluens in the dilute phase, which is
an effluent stream, decreases to 7.7 ppm at 50 °C. The ratio of toluene or surfactant
concentration 1n the coacervate phase to that in the dilute phase is the partition ratio.
Fig. 4 shows a substantial increase in surfactant and toluene partition ratio (about
threefold and twofold, respectively) as temperature increases 10 °C from 40 °C to 50
°C. The concentration of toiuene in the coacervate is 159 times as concentrated as in

the dilute phase stream while the concentration of surfactant in the coacervate is 454
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times as concentrated as in the dilute phase stream at 50 “C These results correspond
to the previous results carmed out in batch experiments (9-11) However. the
surfactant partition ratio obtained trom the extractor is less than that obtained trom a
single stage batch experiments For example. the surfactant partition ratio in the
continuous RDC 1s 156 compared to approximately 1300 in batch experiment at 40
“C (11) This is due to an entrainment of fine coacervate droplets to the top ot the
column with the dijute phase. resulting in a higher surfactant concentration in the
dilute phase and a lower surfactant partition ratio However. as much as 93 % of
surfactant and 87 5 % of toluene are extracted in the coacervate stream at the lowest
temperature studied here as demonstrated in Fig. 5. The fraction of total surtactant
present in the coacervate and traction of toluene extracted in the coacervate shightly
increase with increasing temperature.

It 1s very beneficial to increase the temperature since 1t results in a higher
surfactant and toluene partition ratio and a lower toluene concentration in the dilute
phase Also, the coacervate volumetric flowrate decreases when temperature 1s
raised. which causes the treatment of the coacervate downstream for surfactant
recovery 10 be more economical. Nevertheless, there are theoretical limitations on the
operating temperature of CPE. Upon increasing temperature, the upper cntical
temperature can be reached. above which the phase separation does not take place
(13). Upon decreasing temperature, the coacervate droplets cannot flow downward
and settle down at the bottom of the column since a density difference between the
coacervate and the dilute phase is too small to accomplish a countercurrent operation
in an agitated extractor. Flooding occurs corresponding to the appearance of a cloudy
surfactant solution at a certain location in the mixing zone. Below that position. there
15 no existence of the coacervate droplets. This particular problem occurs only in the
agitated extractor at operating temperature below 40 °C. In batch experiments, the
CPE showed a good phase separation even at 30 °C because the separated phases
were not disturbed while separating and settling as detailed in the previous paper
(11). This 1s dissimilar to RDC where the separated phases are dispersed and

coalesced along the column.
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Effect of added electrolyte on the CPE of toluene

The addition of NaCl to the micellar solution of Triton X-114 can reduce the
cloud point due to the salting-out effect (9, 11, 12, 24). The cloud point depression is
creater as the NaCl concentration increases {23). Hence. an increase in electrolyte
concentration is analogous to increasing operating temperature at constant solution
composition. The effect of electrolyte concentration on the surfactant and toluene
concentration in the coacervate phase and the dilute phase are shown in Figs. 6 and 7
The results show that the concentrations of surfactant and toluene in the coacervate
phase increase with increasing electrolyte concentration, while these concentrations
in the dilute phase decrease. which correspond to the eflect of increasing operating
temperature. The addition of NaCl does not only depress the cloud point of the
system but also reduce the solubility of the nonionic surfactant in the ditute phase. A
decrease in surfactant concentration in the dilute phase causes a substantial increase
in surfactant partition ratio from 156 without added electrolyte to 704 with the
addition of 0.6 M NaCl at 40 °C as shown in Fig. 8 Likewise, the toluene partition
ratio increases several fold from 82 without added electrolyte to 282 with the
addition of 0.6 M NaCl This salimity 1s approximately equivalent to more than 20 °C
temperature increase in the effect on the toluene partition ratio The fraction of
surfactant and toluene presenting 1n the coacervate stream are enhanced by an
increase 1n NaCl concentration as shown tn Fig. 9. As high as 95 % of toluene is
extracted in the coacervate at 40 °C with 0.6 M NaCl addition. Since an increase in
operating temperature is energy intensive, the addition of electrolyte is an alternative
to achieve a greater extraction efficiency. The other method is to adjust the nonionic
surfactant structure to lower the cloud point to substantially below the operating

temperature.

Determination of number of transfer unit (NTU), height of transfer unit (HTU)

and the overall volumetric mass transfer coefficient (Ka)

A measure of the difficulty of separation is usually studied by means of the

HTU which dictates the height of an extraction column required to achieve a given



separation. Moreover. a mass transfer between two contacted liquids 1s determined
by a specific rate of transport of mass across the interface or the mass transfer The
general graphical approach has proven extremely useful for the analysis of multistage
separation. The NTU can be evaluated by cither drawing a step line between the
equilibrium fine and the operating line as in McCabe-Thiele method or numerical
method (30. 38). The method to construct these lines was described in the previous
work (15). Since the total active height of column 15 a product of NTU and HTLU'. the
HTU 1s then calculated. A smaller HTU (or higher NTU) shows a higher Ka or better
extraction efficiency.

When temperature tncreases. a transfer of toluene to the coacervate droplets
is enhanced as indicated by a higher toluenie partition ratio and toluene concentration
in the coacervate pnase. The NTU increases from 2.3 transfer units to 2.75 transfer
units attaining better extraction etficiency as operating temperature increases 10 °C
from 40 to 50 °C as shown in Fig. 10. In turn, the HTU decreases 5 cm. from 30 4 to
25.4 cm. The relationship between Ka and operating temperature is determined as
shown in Fig. 11. A smooth increase in Ka is observed when the temperature is

raised.
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CONCLUSIONS

This work demonstrates for the first time that the cloud point extraction
(CPE) can be scaled up from batch experiments in laboratory scale to continuous
operation in a pilot scale, multistage, differential extractor. In batch experiments, the
CPE of volatile aromatic solutes: benzene; toluene; and ethylbenzene, from polluted
water were carried out at equilibrium condition in laboratory scale. It was found that
an increase in operating temperature, added electrolyte (NaCl) concentration and
degree of alkylation of aromatic solutes can enhance the solute concentration in the
coacervate phase and solute partition ratio with less coacervate volume. The partition
ratio of benzene, toluene, and ethylbenzene are 294 65.1. and 162 .4 while 779,
89.1. and 94 8 % of these solutes are extracted in the coacervate phase at 50 "C.
respectively.

The CPE was subsequently scaled up to operate continuously in a multistage.
differential rotating disc contactor. Toluene and ethylbenzene were used as the
aromatic solutes. The solute concentration in the coacervate phase and the solute
partition ratio increase as operating temperature, rotation speed of rotor disc, added
electrolyte concentration, wastewater/surfactant solution flowrate ratio and degree of
alkylation of the aromatic solutes increase. With the addition of 0.6 M NaCl, 95.0 %
of toluene was extracted in the coacervate phase and as high as 282 of toluene
partition ratio was obtained even at the lowest operating temperature studied here,
which was 40 °C. The number of transfer unit (NTU) was found to be equal to 2.75,
which is equivalent to 2.75 batch extractors in the continuous column. The overall
volumetric mass transfer coefficient (Ka) and the NTU in the RDC increase with
increasing operating temperature and rotation speed of the rotor disc. However, the
surfactant partition ratio obtained from continuous operation was substantially high

compared to that obtained from batch experiment.
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Appendix A
Use of a Surfactant Coacervate Phase to Extract Chlorinated Aliphatic Compounds
from Water: Extraction of Chlorinated Ethanes and Quantitative Comparison to

Solubilization in Micelles
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Abstract

At temperatures above the cloud point. aqueous solutions of nonionic
surfactants separate into a coacervate phase and a dilute phase. The distribution of di-
. tri-, and tetra- chloroethanes between these phases was shown to increasingly favor
the coacervate phase as the hydrophobicity (degree of chlorination) of the solute
increases. The solute solubilization equilibrium constant was shown to be very
similar for solubilization into coacervate surfactant aggregates compared to micellar
solubilization per aggregated surfactant molecule for octylphenol polvethoxylate
surfactants and to increase with increasing temperature and increasing solute
hydrophobicity. As temperature increases above the cloud point, the partition ratio
increases primarily because the concentration of surfactant in the coacervate
increases, secondly because the solubilization equilibrium constant in the coacervate
surfactant aggregate increases, and thirdly because the concentration of micellized

surfactant (and solubilization therein) in the dilute phase decreases.

This work is dedicated to the memory of Sherril D. Christian who died on March 17.
2000
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Introduction

As the temperature of an aqueous solution of nonionic surfactant is increased.
a temperature may be reached where the solution turns cloudy: this temperature is
referred to as the cloud point. Above the cloud point, the solution may separate into a
micellar_concentrated or coacervate phase, and a dilute phase.'™ The concentration of
surfactant in the dilute phase can be verv low but is generally above the cntical micelle
concentration (CMC). When an organic solute is onginally present in an aqueous
solution and nonionic surfactant 1s added to the water, at temperatures above the
cloud point, the organic solute will tend to partition into the coacervate phase. This
liquid/coacervate extraction (sometimes referred to as cloud point extraction) is a
specific example of aqueous biphasic extractions.” This technique shows great
potential for removing toxic solutes from poliuted water. In a previous related studv”,
the removal of trichloroethylene from water was investigated in detail. The present
study focuses on chlonnated hydrocarbons. a major class of pollutants, and quanuties
the ettfect ot the degree of chlorination of the solute.

The vast majonty of surfactant 1s present in the coacervate phase in some kind
of aggregated form of the concentrated micellar solution. For example, Yoesting and
Scamenorn® showed that the nonideality of mixed aggregate formation between
anionic and nonionic surfactants 13 very similar in coacervate and in micelles. In this
study, incorporation of the organic solute into the coacervate surfactant aggregates is
quantitatively compared to solubilization into micelles composed of a surfactant ot

similar structure.

Experimental Section
Materials. Octylphenoxypolv(ethyleneoxy)ethanol with an average of 7
moles [OP{EQO); : trade name lgepal CA-620]. and 9 moles [OP(EQ), . trade name
Igepal CA-630] of ethylene oxide per mole of octylphenol from Rhodia were the
nonionic surfactants used as received in this study. Reagent grade 1,2-dichloroethane
and 1.l1,1.2-tetrachloroethane from Fluka Chemika-Biochemika, and 1[,1.1-
trichloroethane, from J.T. Baker Inc. were used as received. The water was deionized

and distilled.



_—

Methods. In order to measure the distribution ot solutes between dilute and
coacervate phases. several identical 100-mL separatorv funnels containing aqueous
solutions with 50 mM OP(EQ)- and an 1.0 mM ot organic solute were placed in an
isothermal water bath until equilibrium was reached. generally after about 2 davs
After phase separation had occurred. the fractional volume of each phase was
measured The OP(EQ); and organic solute concentrations were measured’ by using
CE 2000 sertes UV spectrometer at 224 nm_ and gas chromatography with a flame
1omization detector. respectively, in both the coacervate and dilute phases

In order to measure the micellar solubilization equilibrium constant, ordinary
S-mL equilibrium dialysts cells and transparent regenerated cellulose membranes
(6000 Dalton molecular weight cutoft) were obtained from Fisher Scientitic and used
without modification in a technique called semi-equilibrium dialvsis™'” which can be
used to measure solubilization of an organic solute into micelies When these
experiments were performed. aqueous solution of SO mA OP(EO). plus 1.0 mMt of
organic solute was loaded in one compartment ot the cell. and pure water was added
to the other side. The cells were kept in a desiccator that was submerged in a
thermostated bath until “semi-equilibnum™ was reached. approximately 24 hours. The
surtfactant and solute concentrations were measured in both the retentate and
permeate sides as descrtbed above

The CMC values were obtained from the change in slope of surface tension vs.
log (surfactant concentration) plot. Surface tension was measured by DuNouy ring
tensiometry using a Cahn DCA-322 dynamic contact angle analvzer The cloud
points were visually determined as the temperature at which a 30 mM surfactant

solution became turbid at a heating rate of 1°C/minute.

Theory
Solubilization in Micelles. [n aqueous surfactant solution. solubilization. that

is the ability to dissolve the organic solutes in micelles. is an important propertv of

1

surfactants *''  Solubilization studies in the laboratory have provided accurate vapor

pressure results for volatile hydrocarbons in anionic and cationic micelles.'™"*

Numerous solubilization data have also been obtained for polar organic solutes by
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10470 0 QED expenments

using the semi-equilibnum dialysis (SED) method
(Figure 1), ordinary equilibnum dialvsis cells are used with membranes permeable to
small molecules (such as the organic solute and surfactant monomers) but
impermeable to the surfactant micelles. Initiallv. the retentate side of the cell contains
the surfactant solution with the solute and the permeate side contains only water The
slow migration of surfactant through the membrane (over a penod of 16-24 h) occurs
stimultaneously with the migration of the unsolubilized organic solute. which ordinanly
diftuses rapidly enough to reach equilibrium with the solutions on both sides ot the
membrane. After equilibration. the solute concentration on the permeate side is almost
equal to the unsolubilized solute concentration on the retentate side of the membrane.

The ability of micelles to solubilize solutes in the retentate 1s described by a

solubilization equilibrium constant (K) detfined by

Kn = X/ Co = [Olmicra 7 (Cy ([SurfactantJmic e ¥ [O]mic.ret)) (1)

where X« 1s the mole fraction of solute in micelles in the retentate. C, is the
concentration of unsolubilized or monomeric organic solute, [O]mi. 15 the retentate
concentration of organic solute associated with surfactant micelles and [Surfactant]
mera denotss retentate concentration of surfactant in micellar form. A small
correction needs to be made to account for formation of a few micelles (with

0.17-20

solubilization therein) in the permeate™’ and eq. 1 apples to the permeate as

well

Km = mecf / Cu = [O]mi.-_.pcr / (Cu ([SurfaCtan[]mlqpcr + [O]mic_pcv)) (2)

where Xn,o is the mole fraction of solute in mucelles in the permeate, C, is the
concentration of unsolubilized or monomeric organic solute, [O]meper IS the permeate
concentration of organic solute associated with surfactant micelles and [Surfactant]

micper d€NOtEs permeate concentration of surfactant in micellar form.



It is assumed that C, is the same in permeate and retentate (activity coefficient
of unsolubilized solute 1s the same), as well as the value of K, The total
concentration of organic solute and surfactant in the two compartments can be related

to C, and to the concentration of surfactant monomer (CMC) by matenal balances:

[0 = Co t [Olmecre (3)
[Olre = Co * [Olmicper (4)
[Surfactant],. = CMC + [Surfactant]micce (5)
[Surfactant] . = CMC + [Surfactant]mcper (6)

where [O]. and [O],. refer to the total solute concentration in retentate and
permeate, respectively: and [Surfactant].. and [Surfactant],. refer to the total
surfactant concentration in retentate and permeate, respectively.

While the monomenc surfactant concentration (equals critical micelle
concentration or CMC) is mildly dependent on the presence of solubilizate.* at the
low solute concentrations used here, the CMC i1s assumed to be that of the pure
surfactant.

Combining these equations yields:

Km = ([0 - Cu) / (Cu([Surfactant}e - CMC + [Olwet - Cu ) (7)
Km = ([Olpes - C) / (Cu ([Surfactant]pe - CMC + [Oper - Co )) (8)

Simultaneous solution of eqs. 7 and 8 for K, and C, permits calculation of
solubilization equilibrium constants directly from measurable parameters in SED
experiments.

Extraction into Coacervate. Aqueous solutions of most nonionic surfactant
micelles become turbid after heating to a temperature known as the cloud point.
Above this temperature, the solution separates into two phases as shown in Figure 2:
one, generally small in volume, composed of a concentrated micellar solution

(referred to as the micellar-rich or coacervate phase) and the other, the bulk aqueous
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solution (aqueous or dilute phase) in which the surfactant concentration is generally
on the order of 2 to 20 umes the CMC as shown in Figure 2.

The overall distribution coefficient or partition ratio (solute concentration
ratio in coacervate to that in dilute phase) is normallv reported in studies of
coacervate extraction. This only requires straightforward measurement ot total
concentration in coacervate and dilute phases. In addition in this study, we wish to
directly compare the tendency of the solute to “solubilize” into the surtactant
ageregate In the coacervate to that tendency 1in micelles.

This comparison requires definition of a coacervate solubilization equilibrium

constant (K.) exactly analogous to K., for micelles:

K.=X./Cy (9)

where X. 1s the mole fraction of solute in the coacervate aggregate and C, is the
concentration of unsolubilized solute From the detinition of X. and correcting for

surfactant and solute not in aggregated form.

K. = ([0O]. - Cv) / Cy ([Surfactant]. - CMC + [O]. - Cy) (10)

where [O]. and [Surfactant]. are the total solute and surfactant concentrations in the
coacervate phase.

In order to apply eq. 10. the value of C, is assumed to be the same in dilute
and coacervate phases (1.e., unassociated solute activity coefficients are assumed io be
the same in the two phases when the system reaches equilibrium). The surfactant
monomer concentration {CMC) is assumed to be the same in dilute and coacervate
phases also, so surfactant concentration in aggregated form in the coacervate is equal
to total coacervate surfactant concentration minus the CMC (this correction is very
small so the validity of this approximation is of little concern). Since micelles are
present in the dilute phase, the micellar solubilized solute concentration must be
subtracted from the measured total solute concentration in the dilute phase to obtain

C,. The value of K, obtained from SED experiments for OP(EQ)s is assumed to be



the same as that tor OP(EQO)- in the dilute phase. both at the same remperature
Simultaneous solution of eqs 1. 3. and 5 10 describe micellization in the dilute phase
and eq 10 permits calculation of K. trom measurable parameters and K. For solutes
and surtactants ot the tvpe used here. K, can depend on solute concentration M this
was not accounted tor here since this would be a small correction at the verv low

solute mole fracuons in micelles under these condittons.

Results and Discussion

EfTect of Temperature on Coacervate Extraction. The CMC of OP(EQO)-
and OP(EQO). with no organic solutes at the various temperatures 1s shown in Table |
The CMC decreases as the temperatuie and the number of EO groups increase The
cloud point of the 50 mM OP(EQ), system (same concentration as used in coacervate
extraction expenments) s shown in Table 2 at several solute concentrations The
cloud point is only mildly dependent on the presence of the solute at the low solute
concentrations used. The cloud point depression 1s greater as the degree of
chlonpation of the solute increases. Note that the CMC can be measured even above
the cloud point since the clouding does not occur until a surfactant concentration at
least several times the CMC s attained.

Table 3 shows the concentrations in coacervate and dilute phases. tractional
distributions ot components in phases. and partition ratio of solute and surfactant. Up
10 99 % of OP(EQ):. 79 % of 1.2-dichloroethane. 84 % of 1.1.1-trichloroethane. and
87 % of 1.1.1,2-tetrachloroethane are removed in the coacervate phase  As the
temperature increases, the separation improves. the fractional volume of the
coacervate decreases, partition ratio increases, and fraction of solute in coacervate
increases. [he reason i1s when the temperature of the system increases. the system 1s
further from the lower consolute solution temperature (which is approximately the
cloud point). resulting in increasing dissimilanty between the coacervate phase and
dilute phase, causing a decrease in the coacervate phase volume. The concentration of
the surfactant and the chloroethanes in the coacervate phase increases with increasing

temperature while these concentrations in the dilute phase are not much affected.
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1

Effect of Organic Solute Structure on Coacervate Extraction. The 1.1.1-
trichloroethane and 1.1.1.2-tetrachloroethane both partition more effectively into the
coacervate phase than 1,2-dichloroethane as seen in Table 3. The large increase in the
distribution coeflicient with an increase in solute hydrophobicity is probably mainly
due to the decrease in the water solubility of the hydrocarbon compounds with

22

increasing degree of chlorination.”~ However, the degree of chlorination of the solute

attects the partition ratio of the surfactant also as seen in Table 3, complicating the
interpretation of data. For example. in a cloud point (or coacervate) extraction of a
series of chlorinated phenols, Frankewich and Hinze' observed an increase in the
fraction of solute in the coacervate from mono- to di- to tri- chlorination, a decrease
for the tetra-, and a large increase for the penta-.

Comparison of Solute Solubilization between Coacervate and Micelles. In
order to compare solubilization in coacervate and micelles, a surfactant with a higher
cloud point was used for mucelle solubilizauion studies (7 vs. 9 ethylene oxides in
hydrophilic group). The solubilization of the chlorinated hydrocarbons is
predominately in the core of the micelle and changing the hydrophilic group length
slightly is expected to have very little effect on K,,.= Table 4 shows the SED data and
calculated value of K,,. Table 5 shows the companson between K., and K.. The solute
coacervate solubilization equilibrium constant is an average of 13 % higher than the
micelle solubilization equilibrium constant, which indicates that they are nearly the
same within experimental precision for the octylphenol polyethoxylate surfactants
studied. This supports the view that the surfactant aggregates in the coacervate are
micelle-like in structure. The coacervatc has been proposed to contain wormlike
micelles from measurements of the nomonic surfactant self-diffusion coefficient. An
entangled wormlike micelles network is formed at low temperatures and gradually
changes to a multiconnect cross-links network when temperature is increased.”
Whatever the exact structure, the aggregate structure probably consists of the
surfactant hydrocarbon chains intertwining, removing themselves from aqueous
solution, and hydrophilic groups covering the surface of this hydrophobic region.’

If the correction due to micelles in the permeate (and solubilization therein)

were ignored, the error in the value of K, would be about 7 %. If the correction due
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to micelles in the dilute phase (and solubilization therein) were 1gnored. the error in
the value of K. would be about 5 %. In other words, about 93 % of the solute in the
permeate in SED experiments and about 95 % of the solute in the dilute phase in
equilibrium with coacervate is unsolubilized, so ignoring the existence of micelles
does not lead to gross errors. This is the first time this has been analyzed for the
coacervate system. so it is important to have shown that the mucelles in the dilute
phase do not substantially reduce the efficiency of the separation. at least for volatile
chlorinated alkanes.

Interpretation of Temperature Effects. |t is interesting to note that the
partition ratio increases much more rapidly with temperature than the value of K.. For
example. the ratio of partition ratios at 50 °C to 30 °C are 3.43, 2.606, and 2.65 for the
di. tri. and tetrachloroethanes, respectively and equivalent ratios of K. are 1 62, 1.21,
and 1 .22 for these same compounds. As temperature increases above the cloud point,
the partition ratio increases primarnly because the concentration ot surfactant in the
coacervate increases, secondly because the solubilization equilibrium constant in the
coacervate surfactant aggregate increases, and thirdly because the concentration of
micellized surfactant (and solubilization therein) in the dilute phase decreases. As an
example calculation, of the increase in the partition ratio from 30 °C to 50 °C for the
tetrachloroethane, 75 % 1s due to the increase in coacervate surfactant concentration,
16 % 1s due to the increase in the coacervate solubilization constant, and 9 % is due

to the reduction in the concentration of surfactant in micelles in the dilute phase.
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Table I CMC of Surtactants with No Orgamic Solutes.
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Temperature CMC (mM)
°C) OP(EO); OP(EO)s
30 0092 0.083
40 0.086 0.076
50 0.075 0.066
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Tabie 2 Cloud Points of 50 mM OP(EQO); System

101

Solute Concentration (mM) 0 1.0

1,2-dichloroethane 22°C 19 °C
1,1, 1-trichloroethane 22°C 10 °C
1.1.1.2-tetrachloroethane 22°C 15°C
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REMOVAL OF VOLATILE AROMATIC
CONTANMINANTS FROM WASTEWATLER
BY CLOUD POINT ENTRACTION

. N | P Ao
Punjaporn TrakultGimuapatam, Joha 12 Scameharn,
and Sawchai Osuwan'

"The Penolemnm and Perochenncal Colicee, Chubislonshaom
Universuy . Banshok, dhathond

“Instiute tor Apphed Surlactant Rescarch, Unversity of
ORbahe, Novnam, €K 7300

ABSTRACI

Removal of the aromatic contamimanis bensene, teluene, and
cthylbenzene from wasieswaler sas nvestigated uange clooed pop
extraction (CPLE). A nomonic surfactani. f-acty Iphenaipalvetho-
yhve, was utilized as the separating agent. When the nonionis
surfactant solution is heated above the cloud point temperature,
phase separation is induced. The micellar-rich phise or coacenate
phase and the micellar-dilute phuse are formed. The aromatic
contaminants tend 1o solubilize into the micelles and concentrate
in the coucervute phase. The concentration of the solutes in the
coacervale increases as temperature. added electrolvie cenacen-
tration. and decree of alkviauion of the aromuatic walutes inereuse,

*Corresponding author,
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INTRODUCTION

A novel class of separanion processes uttlizing o surface-active agent e
known as swrfactant-based separations o1 2y These o used imcrcasmghy in
process engimecring (31 Processes such as froth Rotcton and aaccllar-cohanced
altratiliration can be effective in enviromnmental clean up o120 One surfactani-
Buased separanion of wmterest i~ clowd poiot extraction (CPE which has been
~hown w be an effectune wechnigue to remove dissolved orzame contmyinants
trom water. This rescarch Tocuses on cleaning up wasiew s contaimng volatile
arontic pellutants benzene, woluene, and ctbyvibenzene. ol oh can oniginaie
Feony zasohine tank leakace

Frovm an coomomie perspedctine, the sufactant~swhisch sorve s solventsoan
the extraction processes. hinve 10 be reconvered. Since these aronianie solutes have
fugh volaabity . they can be aeleased from the swtaciant senion By vacom,
steipping. leaving a solme-tree surtactant stresun v labic for reawe (5 =7 There
have been Biterature studies o Tess valatile compounds wane CPE such as
rrhenolics oN= 1) Whiile these compeunds can shoso oxoeliont separation
clicienay . there s o demonstrated efficiont wan 1o separate the ~olite from
surfactant tor surfactant reuse. o additon, o e v gnne s fcnlt o0 stady
ovperimeatally the nvpes of svsrems psed Bbese due s L ol salore I
veloulzanon, provious vestizabons has e lended o asond 1 ese contamimans

despiic then importang e

BACKGROUND

Cloud point estruchon s o sepaction technolozy w~ing the henisn

polycthoaylate nonionic surfactant ax o ~epurating acent (N=19) It has been

shown o be an alternative 1o raditonad digoid - hgquid extrection because of

cificiency. cost effectiveness, and environmental (miendliness withcut any usage
of toxic and flammable orgamice solvents (1116, This CPE i~ & specilic example
ol aqueous biphasic extractions (20). When the agqucous nenionic surfactant
solution i~ a1 a temperature higher than o certain wmperature known as cloud
point, phase separation is induced. forming two isatropic agueoas phases (8-
19.21.22). The phase nich in surfactent micelies is called micellar-rich phase or
coacervale phase. The othar phase. which is lean i sorfuctan: micelles und has
the concentration of surfaciant approximately 2-20 times the cnitical micelle
concentraton (CMC). is called dilute phase. As the phase separation is reversible.
both phases can merge into a single phase upen cooling (11). Dissalved orvganic
solutes will tend to solubilize in surfactant aggregates hike micelles and thus
concentrate in the coacervate phase, which contains surfactant in concentrated
form. The cloud point temperature 1s sometimes defined at a surfactant
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concentiation of L wtf% (23) but is not highty concentranon dependent (1322 -
24y, The mimimun: cloud point occurs at the fower consolute temperature or
fower eritical temperimure (LCT) at the erincal sfactant concentration (22),

To accomplish the phase separaton. the temperature of the nonionic
surfactant solution must be abos ¢ the cload pomt. The total surtactant concentration
must be above e surfactant concentraton oxtsting i the dilute phase abaove the
cloud pomr. Laber the sofunon can be heated or the cloud point of nonoaie
surfictant reduced below the opertmg tomperature. The CPE can be o Tonveenersys
ACpration process ~mee o surfaerant can be chosen with o cloud point helow the
wislewaler operanng semperature. Lowenmg the degree of palvimenzaton o)
cthy lene ovide or lenzthenimg the hydincarbon chain ot the hyvdrophobic imoiety of
the nonosie s actant can depross the cloud powt cF 323200 The addition o polar
organne soelutes, such as fany acidssaliphane adeahalsCand phenall cenerally Bowers
the Cdoed pom 27 Added electroly e canaftect the cloud pomt with somie sinkons,
suchas chlonde. sulfute. snd carbonate, depressimg the cloud point doe tothe salnnge-
oul tledt 1 24.25) Onohe cther hand, some sons, sach as thiocvanate, rodides, and
niraces ancrease the cloud poin dae 1o the satong-m cttea Q9 Adding won
~urtactant increases the cloud ponn (253030 The eftect of dlectralvies on ihe
Claud point of o pure nontonie surfactant sand o nmived wome - nomonic surtactant
systen s been discussed v the hieratare (24.50.32)

Studies of both the microstucture and - macroscopie thermodynoameg
properties of the coacervate ave civen msazht mto ais siuere Hoftmann e al,
£33 studicd the kinetios of aqueous nemome sarfactant solutions at the clinnd
pomt and Tound the tormation of aonew phase ot o temperature higher than the
cloud pomt Thes stred that the existence of the new phase s contralled by
nucication phenomenon. Turro and Kuo ¢34) proved the presence of micelles in
that phase by uxing thiee ty pes of fluorescence probes as the indicator. Kao et al.
(35.36) studied the microstructure of nonionic surfactant in semidilute solutions
of nontonic surfactant inchuding a system ot & temperature higher than the ¢loud
point via varnious techniques. They proposed that below the cloud point. the
micelles Torm enwangled networks. When temperature increases. the extent of
cross-linking increases. forming the multiconnected network as determined by
the self-diffusion technique (36). The companson between the solubtlization of
organic solute into surfactant aggregates in a coacervate phase and the
solubilizavon into surfactant micelles showed that the thermodvnamic
solubilizauon equilibrium constuint for each of the aggregutes is similar for
similar surfactants and solutes (15). The nonidcality of mixing of anionic and
nonionic surfactants in the coacervate aggregates was shown 1o be similar 1o that
in micelles existing below the cloud point (31). The last two studies support the
hypothesis that the surfactant aggregates in the coacervate are micellelike in
structure 1n that they have a hydrophobic region and a hydrophilic region where
head groups interact in a similar fashion as normal micelles.
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Muny researchers have studied the CPE of orcanic contimnimants. bat fow
works have dealt wath the voltle organic compounds (VOCs of cead
cnvironmental concern (16). We helieve that this s due 1o the expernmmentad
difficulty o making accurate meisarements on these systems sinee leahaze ot these

species is dithicult o overcome. It ccononucally wopthwhile 1o <tudy removal of

these pollutnts from water because these solutes have high vapor prossures,
penmittme them 1o be stripped ofF Trom the coacer e phoses Teaving tos phose

~olute-free for reuse,

EXPUERINIENTAL
Materials

A polvdisperse commercrd. OPCOE . wath an averaze o1 7 omalos of
cthviene avide per mole of ocnviphenol aoade mame oepal Ao 20y conmhuted
By Rhowdi tCembaey s US A woas osed s the nomen o soetactant o - sty
Keazent gowde benzene trom Labscan Col ad (Banchob ThabLasd st ponn
ol 99 7% toluene oo 3T Bakar «Phulhip<hure, TS N saath proony g 9980
cthyIbenzene from ok tBuchs, Svnserlandr wih Py ol T N0
Drown APAN Chenmca! o Nuburn, Ao sl sath puriee p 9 s wocre puachasad

Al chenvcals were used s recenved The soaner wos doandled andd e el

Moethads

A solution, continming nomonie surfactint, aromste solute, and waier winlh
and witlhont added clecirobvie, wis tunslerred o severad rdentical vials, To
provent headspace loss, the solution imust occupy alimost all of the vial volume
(22 mb) to negicet vapor voluine. The rubber septa couted with polvietrafivor-
octhvlene (PTFLE) were used o scal these vials 1o make sure that no leakage
occurred. The vials were placed in an isothermal water bath and the phase
separation occurred immediately because of the denuny difference between the
two phases. When the equilibrium wars reached. which is defined as the condition
where no funher change in coacervate volume v observed. the relative phase
volumes of each phase were measured hy the solution height. The concenirations
of nonionic sufactant and aromatic solute 10 both coscervate and dilute phases
were measured.

The concentrations of OP(EO); and aromatic solutes were measured by
using a CE 2000 serics UV-spectrophotometer (Cecil Instrument Limited,
Cambridge, UK) at 224 nm and a gas chromatography with a flame ionization
detector (Perkin Elmer, Inc., Shelton, USA), respectively. Because of the high
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valatiliny of aromune solutes. <tane headspace sampling was used as the sample
mjection technique with no mterference ol a hreh maolecular weight aonionic
surfactant. The condinons used for detenmmation of the aromatic solute
concentrations were as (ollowss column. Supeleowan 100 cavrred. ultra-pure
nitrogen with the How e of 20m/min: oven wmperature. TO0YC isatheral:
mjectar emperatare. [3OPCT and detecior wemperatine. 250 C0 The external
stundard quannitans e calibranions were obtained tor the anabysis of sofactant and
aromutie solates 1 bath plisses, Closure of the maeriad balanes s when as

cvidence thn feakaze of the volande solute is nechaible,

RESULTS AND DISCUSSEON

I the aeported datas surfactanl concentiations e reparted m o madf, bun
solute concentiations are i ppuam beciose wistew ater pollutant concenraions oy
ol desiznated i these werght-based unis, There was no sgnificant epect on
the extraction due 1o changes e an imitd concentrition of orgamie <olute
rtrcltlorocthy lener ot Tow  solute/swrtuctant  molar rato, as shown by
Konchuwanir croale o4y To illusirne the relative mazimitude ot these
concentrations, at our hise ciase o 70mA surtactant and 1O ppm soluee il
concentrations The solute/~urfactam muolar ratioy i~ QOEN3 Jor bensene. HO1SS

For toluene. and 00135 Tor cthylbenzene.

EAtect of Total Surfuctant Concentration on Cloud PPoint
Temperature of Benzene

Although the CPE is surfactant concentration dependent, under the condihions
used here (30-110mAf ), the cloud putnts of OP(EQY, are fairly constant at 22°C.
The addition of 100 ppm benzene cun lower the cloud point by 3°C. as shown in
Table 1. Figure 1 shows that as the total surfactant concentration increases, the
surfactant concentration in the coacervate phase remains essentially unchanged. The
fractiona]l coacervate volume increases with total surfacltant concentration, as
required from material balunce considerations, as shown in Fig. 2. The ratio of
surfactant concentration in the coucervate phuse tothatin che dilute phase (surfactant
partition ratio) also remains constant as shown in Fig. 3. In addivon, the benzene
partidon ratio, which is the ratio of benzene concentration in the coacervale phase ta
that i:n the dilute phase, is not much affected by increasing total surfactant
concentration as shown in Fig. 4, There 15 a higher concentration of micelles in the
coacervate phase, leading to a higher micellar soiubilization capacity for aromatic
solutes, Hence, the percentage of benzene extracied increases. The CPE of
polycyclic aromatic hydrocarbons (PAHs), studied by Sirimanne et al., follows the
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Table 1. Cloud Points (°C) of 70mV Qe l-
phenolpolyvethosvlate System

Solute Concentration

(ppm
System 0 1
Bensene n 17
Toluene 22 14
Ethy Ibeatrene a2 1t

scone trend C1 7)) From e 30 at dhe lowestiemperature studied here o530 Cooae the
total surtactant concentration of 110 mA7 86% of 1he hensene is extiacied oo the

caacervate prhase o sanale stage.

Effeet of Temperature on Cloud Point Extraction of Benzene

As temperature mcreiases, the system s further awany from the cloud point
cising the noentenic surfactant micedles to be tess water soluble The dehvdmtion
al the hydrophutic polvethoavlate groups mothe surfactant acremses the -
surfactmt attraction and hence mter-micellar avraction, which makes the

coacervate more concentraled and wih Tower volome o the tempernure s

U0 SIS R
z . e
= ool |
R i
= 07
_—: WJJ ————u— g —&
Z
o . L R , 30C
S 200
S
o
o] 0 . : :

0 0 4 60 300 1w 10 14

Total [surfactant] (mM)

Figure 1. Surfactant concentration in ¢oacervate phase as a function of total surfactant
concentration and temperature (system: 100 ppm benzene without added electrolyie).



REMOVAL OF VOLATILE AROMATIC CONTANINANTS 1297
Of == === - W~ — mE——om- ———
2] |
- l / woe
= 045
= -
-
§ 03 v/ <
"_ / l -t
) -
o e
:_:: o // - £ RO ¢
-~ - —
= L = "
= al T
= . f/,_A
0o - - - - -
11} N1 dih LR Ny ltay 1 X |t

Total fantactantf inih Ty

Figure 2. Tractons] coaccrvate volume as o Tunctns of tolad surlvcinl Coneentritng

and temperature tsastena: 10U ppm benzene without added elecrrolvicey,

/‘H—__r

INT) LE— '
T

1

artition rano

S
b — U

0 X 4} o) =) ) i) 14

Totdd [surtactant] cmd)

Figure 3. Surlactant partinon ratio as 2 fuaction of total surfactant concertration and
wemperature (svstem: VOO ppm benzene without added electrolvie).

increased above the cloud point. As the temperature increases, both surfactant
and benzepe pantition ratio increase substantialiv. as shown in Figs. 3 and 4.
respectively. At S50°C. a surfactant partition ratioexceeding 2000 and a benzene
paruuon ratio exceeding 30 are observed. It is very bencfictal 10 increase the
temperature because 1t gives a very high surfactant panition ratio, which makes
surfactant recovery more economical. Nevertheless. there are limitations on
Increasing temperature. The upper critical temperature can be reached. above
which the phase separation does not occur (22). Since raising the operating
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surfaciant concenttation and temnerature syster HOOppme henzene soathout added

clevtohiae

temperature is energy intensive. the aliernatnve of adjusting surfactant structure
and other solution conditions <o the cloud pomnt s substantially below the
aperatinge temperature is desirable. However. an increase in temperature docs not
atfect the fraction of benzene extracied into the coacer ate phase substannally, as
shown in Fig. 5. Although the concentration of benzene in the coacervate phase
tncreases substantially as the temperature s raised. the fracuonal coacervate
volume decreases. Therefore. these opposing effects resuit in the fraction of
benzene extracied remaining nearly unchanged. However, hicher iemperature
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dedinitely has advantages i thar e resuhts inoa lower solute concentration in the
dilute phuaxe and a lugher solute concentration in the coacervate and a resauliing
lower coacervale phase volume with reduced processing costs dJownstream in

treatment of the coacervine for surfactant recovery,

Etlect of Added Electrolyte on Cloud Point Istraction of Benzene

The addiion of NaCl o the micellar solunon of QPYEO)- can depress 1the
cloud pomt due tothe satting-out eftect (34.24.3 1) Theretore, it s analogous 1o an
micrease 1 the operatmg temperatare. [ has been reported that the dowering of the
cloud pointas reluted directly o anocrease i added clectrolyvie concentranion.
The clfect of electralvie concentration on benzene partiinon ratio and traction of
benzene catiacted at a total surfactant concentration of 70mAf and 30°C s
shown o FFre, 60 The resalt demonstrates that the fractiondi coacervate solume
decicases shigbtly wath increasimeg sl cancentration. The benzene partition ratio
subsiantially increases  with ancrcasing NaCloconcentmanion. This added
clectioivie effect agtees with previous studies by several groups (1213 An
marcase m NaCl concentration up to OD.0Af w30 O cun increuse the bensene
partiion tatio o few fold This salimty erfect s appreeamuanely eganaelent oahe
cliect of & 20 C thiom 30 w0 530 ) temperature increase while mercising the
bonzene partition ratio, Neverthelesss the Nachon of benzence extractcd s not
much aftected By increasing the NaClconcentration. sohich i sinudar to the result
shown i Frg. 50 where an inercase i operating temperature has litle eifect on

Fraction of hensene exiracted into the coacervate phase.

S - flwy

Bewsene exiracted (49

{) 0.1 0.2 03 0.4 0.5 0.6
[NaCl] (M)

Figure 6. Benzene parlition ratio and percentage of benzene extracted in coacervale
phase as a function of NaCl concentration {system: 100 ppm benzene, 70 mAf surfaciant,
and 30°C).
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Eftect of Degree of Alkylation of Aromatic Solutes on Cloud
Point Extraction

Aseriesof VOC aromatic sofuies with vanving degrees ol alks lanionchenzene.
toluene, and ethy Thenzene) was studred. A hicher degres ot alky lunon o the selates
withitn @ homaolozoos series resulis 0 o greater pariinon rat, as <loawn for
cihvibenzene, oluene, and bensene e Bz 70 This s an agreement wuh the
solubilizaton sudy o orgame sotuies i cgucous solubons ol nonione surfactani
The tngher the devree ol alhy Bdion tor loser the seater solubiliey ) ot o hamologous
seres ot solutes the higher the solubibzavan constant cenerally 1< (37) Asccondan
cltect s that the additon ot cthy bearene can depress the Cloud point of the syseem
mene than the other two solutes, o shown m Tuhle B Thuso it g2ives the highes
wmperature difterence berween clond poant and aperanng wemperature, which s
analozoos tomereasmy the emperature. The saunwe tend with water ~solubahiny has
been observed in systcios where degree of chlonnunon swas varred exeept at hich
degsees ol chlonmanon where unomabies are sometimes seen (1015 Tnaddion . the
Fraction of aromate selutes extradied mee the coacenvate phase depends on the
Jdegree of alhvlaton of the solutes At the inchest aperatng wemperature studied
3 Cy and the total sertactant concentiatien of 703 up o 25, 890 and T84 o

cihy benrene. toluene.and benzene are extrected withim o sinele stage respedtin ey

Scale-Up of Cloud Point FExtraction

Lssentially all reported CPlas were camecd ontm g basch expoeroment an o

Laboratory scale (4.3 =190 T onder Tar this technalogy 1o become commeraia-

I FE TR

Martitinn atio

[LLVA
/ bl

Temperature (°C)

Figure 7. Partition ratio of several aromatic solutes as a function of temperature (svstem:

100 ppm aromatic solutes, 70 mAf surfactant without added electrolyvted.
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Hred. scale-up 1o continuous. muli-stage units will be necessary. In addition.
reconvery and reuse of the surfactam from the coacervate 1s crucial for cconomical
operation: hence. the emphasis here s on volatife solutes. which can be siripped
wmway . These two engineering problems are fur from riviall the viscous
coacervate phise may cause plageing of extractors or sirippers and effcient
Liquid =figuid contact may be difficult to mtin in an extractor due 1o stckimess
and viscous nature of the corcervate phase. Efticienn thenuody numic extraction
behanvgor chigh partition ratio) i~ not 2 saflicient crmerion Tor an elfcient
reanated separation scheme.

The principles of CPIE are analozous W that ot o conventional hguid = hquind
extraction, exacept that the solvent can he compleely mascible with the feed
~soluton, Freure 8 shows the dategrined How diagram of the muliistage CPLE
process inciuding a surtactant recovery unit. The conminated teed water and a
concentrated surfactant solution are ted 1o o wemperature-controlled extuctor
where two streams are nused mechanicaliv atthe wmpermiure above the cload
pomt. As ooresubt, phase separanion tithes place. The heuvy coacenvate phase,
which contans the nigorty of the solutes, senles down at the bottom of the

catracien ax an extiact pluse due toa densao ditterence. The dilute phase. which

Vhsann sefvene
ot

—

Mobeoup edilute pluaset Condensen

s b i

Phiase
Contanun.ate| sphner
waler Cloud Vavuun
I A > puoint sinpper
extractor
Warer
Eatract sututared
ANTAN
fcoacervite with
phased .
. organic
Sotute-free
coacervale salvem

Figure 8.  Schematic of integrated process including a mullistage cloud point extractor
and vacuum stripper.
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i~ hehier, will rixe up to the top of the exiractor as o rullinate phase. which will be
clean eneough hopefully 1o be returned to the environment. Moreover. a vacuun
stipper can stop the aromatic selutes, which have hugh volanhiv, from the
coacervate phase. so that this resulting sarfaciani-rich phase can be recveled for
reuse. Current work mcludes design. construcinon, sod operation of i contitous,
~teady -sttes malustaee waved hguid —guid exeecior and o continuous, steady -

state. packed-colummn vacuum Sirpper Tor scsic-ur b i process,
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