
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Cloud-Point Extraction of Organic Compounds from Aqueous Solutions
with Nonionic Surfactant
Shigendo Akitaa; Hiroshi Takeuchib

a NAGOYA MUNICIPAL INDUSTRIAL RESEARCH INSTITUTE, NAGOYA, JAPAN b DEPARTMENT
OF CHEMICAL ENGINEERING, NAGOYA UNIVERSITY, NAGOYA, JAPAN

To cite this Article Akita, Shigendo and Takeuchi, Hiroshi(1995) 'Cloud-Point Extraction of Organic Compounds from
Aqueous Solutions with Nonionic Surfactant', Separation Science and Technology, 30: 5, 833 — 846
To link to this Article: DOI: 10.1080/01496399508013895
URL: http://dx.doi.org/10.1080/01496399508013895

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496399508013895
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGY, 30(5), pp. 833-846, 1995 

Cloud-Point Extraction of Organic Compounds from 
Aqueous Solutions with Nonionic Surfactant 
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ROKUBAN, ATSUTA-KU, NAGOYA 456, JAPAN 

HIROSHI TAKEUCHI 
DEPARTMENT OF CHEMICAL ENGINEERING 
NAGOYA UNIVERSITY 
CHIKUSA-KU, NAGOYA 464-01, JAPAN 

ABSTRACT 

Cloud-point extraction of organic compounds from aqueous solutions by using 
the nonionic surfactant PONPEIO has been investigated for phenol and three pyri- 
dines to clarify the effect of operating factors on its extractability. Phase separation 
of the surfactant solutions is attained at temperatures above the cloud point, and 
it is improved by adding NaCl or phenol. Phenol is extracted successfully in a 
wide pH range from acidic to neutral solutions with and without NaCI, where the 
extraction efficiency increases with an increase in the surfactant concentration. 
Backextraction of phenol from the surfactant-rich phase was found to be possible 
with alkaline solutions. Three pyridine derivatives can also be extracted from 
the solution under neutral and alkaline conditions, although the efficiencies are 
somewhat low compared with phenol. Moreover, selective separation of the pyri- 
dines from each other could be accomplished because of the difference in their 
hydrophobicities. 

INTRODUCTION 

The solubility of a nonionic surface-active agent in aqueous solution is 
dramatically depressed above a well-defined t e m p e r a t u r e .  This tempera- 
ture, which can be ascertained by the turbidity of the s o l u t i o n ,  is known 
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834 AKITA AND TAKEUCHI 

as the cloud point (CP). Allowing the surfactant solution to leave above 
the temperature leads to two distinct phases: one is rich in the surfactant 
with a small amount of water and the other is the opposite; i.e., the surfac- 
tant forms a coacervate phase. Such a clouding phenomenon is attributed 
to the breaking of a hydrogen bond between a water molecule and the 
hydrophilic chains of the surfactant (which usually contains the oxyethy- 
lene chain) with rising temperature, and hence the surfactant micelle be- 
comes more hydrophobic. CP is influenced by many factors including the 
hydrophile-liophile balance (HLB) of surfactants and the addition of other 
surfactants and salts (1-5). 

Cloud-point extraction is a relatively new separation method which uti- 
lizes partitioning of the solute between surfactant-rich and water phases 
as a separation field. If an aqueous solution containing a nonionic surfac- 
tant and organic compounds is subject to phase separation upon tempera- 
ture alteration, then the compounds are distributed between the two 
phases by hydrophobic and/or some specific interactions with the surfac- 
tant. Distinct features of CP extraction are solute-surfactant interaction 
occurring in the homogeneous phase before separation, not at the interface 
between the phases, phase separation induced by thermal energy, and a 
surfactant-rich phase containing appreciable amounts of water. Thus the 
extraction system is similar to an aqueous two-phase partitioning system 
rather than to solvent extraction. There are some advantages of CP extrac- 
tion over an aqueous two-phase partitioning system: the high versatility 
which can be applied not only to macromolecules but also to smaller 
chemical species, and the smaller amount of surfactant required compared 
with polymer material for the latter system (6). 

A quantitative study on the partitioning of analytical reagents, such as 
8-quinolinol, between water and nonionic surfactant-rich phases has been 
reported by Hoshino et al. (7). Bordier (8) and Ganong et al. (9) also 
utilized the phase separation of nonionic surfactant solutions for protein 
separation. Watanabe et al. applied CP extraction to trace analysis of 
nickel in soils (10) and zinc in tap water (1 1, 12), wherein the metals were 
allowed to be hydrophobic by chelation with PAN for zinc and TAN for 
nickel. Nonionic surfactants used in these studies were isooctylphenoxy 
polyethoxyethanol (Triton X series), and polyoxyethylene-4-nonyl phenyl 
ether (PONPE). Moreover, CP extraction of organic compounds with an- 
other surfactant has been conducted by Saitoh et al. (6) and Schmid et 
al. (13), where the former used 3-(nonyl-dimethylammonio) propyl sulfate 
and the latter permethyl hydroxypropyl-P-cyclodextrin. 

To assess the applicability of CP extraction to practical separations, 
however, there is still lack of information on the phase separation and 
partitioning of solutes. The present study was conducted to elucidate the 
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CLOUD-POINT EXTRACTION OF ORGANIC COMPOUNDS 835 

effects of operating factors (temperature, time, concentration, etc.) on the 
CP extraction of water-soluble, organic compounds by using a nonionic 
surfactant, 

EXPERIMENTAL 

Reagents 

Polyoxyethylene nonyl phenyl ether with an average chain kngth of 10 
oxyethylene units (Tokyo Kasei Kogyo Co., Ltd., abbreviated as 
PONPE 10 hereinafter) was used as a nonionic surfactant without further 
purification. Phenol and pyridine derivatives were selected as model or- 
ganic compounds of a weak acid and base, respectively, wherein the latter 
compounds were pyridine, 3-picoline (3-methylpyridine), and 2,4-lutidine 
(2,4-dimethylpyridine). 

Aqueous stock solutions of the surfactant and the organic compounds 
were prepared by dissolving the respective solutes in deionized water, and 
a desired initial solution was obtained by blending them at an appropriate 
volume ratio. A small amount of HCl or NaOH was added to the solution 
for pH adjustment in the pH study. All chemicals used were of reagent 
grade. 

Procedure 

Cloud point was determined from measurement of the solution tempera- 
ture at the onset of cloudiness on heating, whereby solution (20 mL) con- 
tained in a 25-mL graduated glass tube was heated rather quickly just 
below the CP, subsequently carefully heated at the rate of about 1°C per 
every 4 minutes in a thermostatted water bath. After observing CP, the 
solution was allowed to settle over 12 hours at a prescribed temperature 
(70°C except when studying the effect of temperature) in an incubator, 
then an equilibrium volume of the surfactant-rich phase was determined. 
History of the coacervation was also measured in the thermostatted water 
bath. 

The cloud-point extraction of organic compounds was carried out as 
follows. An aqueous solution containing the surfactant and the solute was 
well mixed at room temperature and allowed to phase-separate over 12 
hours at 70°C. After reaching equilibrium, the concentration of the organic 
compounds in the aqueous phase was determined on a gas chromatogra- 
phy with an FID detector; the amount of the solute distributed in the 
surfactant-rich phase was then calculated from the mass balance. Determi- 
nations of CP and of the volume of the surfactant-rich phase were also 
made in the presence of the solute as described above. Backextraction 
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836 AKITA AND TAKEUCHI 

(stripping) of the solute from the surfactant-rich phase was carried out by 
well mixing the coacervate phase (5 mL) with a stripping solution (10 mL) 
and by phase-separating over 12 hours at 70°C. 

RESULTS AND DISCUSSION 

Cloud Points and Phase Separation 

Figure 1 represents typical CP data for aqueous surfactant solutions as 
a function of the initial PONPElO concentration. At temperatures above 
the CP, the solution is in the state of clouding and ready to be phase 
separated. The CP of only PONPElO solution without solute was substan- 
tially constant (62°C) over a wide range of the surfactant concentrations, 
though being a little higher at extremely low concentration. 

Addition of salts had a significant effect on the CP: 1 M NaCl allowed 
it at a temperature as low as 44°C and 2 M as 33°C. With 3 M NaC1, the 
CP was lowered to 2 3 T ,  thus the phase separation could be attained at 
ambient temperature, though the data are not shown here. The surfactant 
formed the coacervate as the lower phase with the salt concentration 
below 1 M, whereas as the upper phase from the solution above 2 M, 
corresponding to the phase density. Such a salting-out results from the 
electrolytes weakening the hydrogen bond between the water molecule 
and the surfactant. This indicates that the control of CP to a desired tem- 
perature is possible with the addition of salts to the surfactant system. 
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FIG. I Effect of addition of NaCl and phenol on cloud point as a function of PONPElO 
concentration. (SaC1, phenol) = (0, 0) 0; ( I  M, 0) 0;  (2 M, 0)  *; (0, 0.05 M) A; (1 M, 

0.05 M) A; (0. 0.1 M) 0. 
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CLOUD-POINT EXTRACTION OF ORGANIC COMPOUNDS 837 

In the present system, the presence of phenol also affects the CP at 
much lower concentrations compared with NaCl, as shown in Fig. 1. With 
increasing concentration of phenol, the CP was lowered below the ambient 
temperature and ultimately the freezing point; however, the extent of the 
lowering is larger at lower PONPE10 concentrations. This implies that 
there is a strong interaction between the surfactant and phenol. 

Figure 2 shows the effect of PONPElO concentration on the volume 
ratio of the surfactant-rich phase, Vsl(Vs + Vw), at 70°C. The volume 
ratio increases with the PONPElO concentration as a result of an increase 
in the amount of surfactant in the whole system. For example, when phase 
separating 20 mL of 0.1 M PONPElO, we obtained 4.9 mL of the surfac- 
tant-rich phase containing about 1.28 g PONPElO and the residue of the 
aqueous phase. It has been reported (1  1) that after the phase separation 
occurred, surfactant concentration of the aqueous phase is approximately 
equal to the critical micelle concentration; thus, loss of the surfactant is 
negligible in CP extraction. 

Figure 3 shows typical coacervation histories of PONPE 10 solutions. 
By allowing the solution to settle at 70°C, the volume ratio of the surfac- 
tant-rich phase decreased with time, and both phases were equilibrated 
up to 40 minutes for all the observations. The addition of NaCl as well 
as phenol not only facilitated formation of the coacervate but also de- 
creased the equilibrated volume ratio (also see Fig. 2). Also, a temperature 
as high as 85°C had a significant effect on phase separation: a volume 
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FIG. 2 Effect of PONPElO concentration on volume ratio of surfactant-rich phase with 
and without NaCI. [NaCIl = 0 M (0), 1 M (O), 2 M (*). 
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FIG. 3 Coacervation histories of PONPElO solutions. [PONPElO] = 0.1 M; (NaCI, phenol) 
= (0, 0) 0; (1 M, 0) 0;  (0, 0.05 M) 0; (1  M, 0.05 M) W. 

ratio as small as 0.1 was obtained up to 20 minutes, though the data are 
not shown here. Thus, phase separation of surfactant solutions is rela- 
tively fast even without centrifugation. This leads to the expectation that 
CP extraction could be competed with conventional solvent extraction. 

Cloud-Point Extraction of Phenol 
If water-soluble organic compounds exist during phase separation of 

surfactant solution, it would be expected that the solutes are distributed 
between both phases according to the affinity of the solutes to the surfac- 
tant. Here we studied the cloud-point extraction of phenol as a typical 
organic weak acid. 

The results are shown in Fig. 4 as a plot of the percent extraction, E ,  
of phenol against the PONPElO concentration. The percent extraction is 
defined as 

(1) 

M s  = VsCs ( 2 )  

M w  = VwCw ( 3 )  

where M and C denote the amount and concentration of phenol, and the 
subscripts S and W represent the surfactant-rich and aqueous phases, 
respectively. In the present study, the extent of extraction is given in 
terms of the amount of the solute instead of the concentration because 

E = 100(Ms/ (Ms + Mw)) 
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FIG. 4 Relationship between percent extraction of phenol and PONPEIO concentration 
with and without NaC1. (NaC1, phenol) = (0,  0.1 M) A; (0,  0.05 M) 0; (1  M, 0.05 M) 0 ;  

(0, 0.01 M) 0; (1 M, 0.01 M) .. 

the volume of the surfactant-rich phase varies under experimental condi- 
tions. As Fig. 4 shows, the extraction efficiency increases with an increase 
in PONPE10 concentration and attains about 70% at 0.1 M of PONPEIO, 
with little dependence on the initial phenol concentration. When plotted 
against the PONPE10 concentration, the distribution ratio gives a substan- 
tially constant value. This indicates that the distribution equilibrium holds 
in CP extraction in the same manner as in conventional solvent extraction. 

The addition of NaCl to the solution tends to somewhat increase the 
percent extraction of phenol in the whole concentration range of 
PONPE10 in Fig. 4, accompanied by a lowering of the volume of the 
surfactant-rich phase. This leads to high phenol recovery in the surfactant- 
rich phase. 

The effect of solution pH on the CP is shown in Fig. 5 .  For acid to 
neutral solutions, the CP has a constant value which depends on the con- 
centrations of phenol and NaC1, as described above. A further increase 
of NaOH causes the CP to rise and approach the inherent value of the 
PONPE10 solution without phenol. Thus, the effect of the presence of 
phenol was canceled in the pH region above 12, regardless of its concen- 
tration. The same pH effect was also observed for the volume ratio of the 
surfactant-rich phase, where the ratio increased to the value for the alka- 
line solution without phenol. Such a pH effect on both the CP and the 
volume ratio was not observed for the system without phenol. This indi- 
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FIG. 5 Effect of solution pH and presence of NaCI on cloud point. [PONPEIO] = 0.1 M; 
(NaC1, phenol) = (0, 0.05 M) 0; ( 1  M, 0.05 M) 0;  (2 M,  0.05 Mj *; (0, 0.01 M) 0; (1 M, 

0.01 Mj W; ( 2  M, 0.01 M) A.  

cates that pH does not affect the formation of the PONPElO micelle by 
itself, as was pointed out by Maclay ( 1 ) .  

Figure 6 shows the percent extraction of phenol as  a function of the 
solution pH. In the pH region below 8, the E value becomes constant, 
depending on the NaCl concentration in the same manner as the CP behav- 
ior shown in Fig. 5 .  Addition of the salt also had a significant effect on 
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CLOUD-POINT EXTRACTION OF ORGANIC COMPOUNDS 841 

the extraction efficiency: an E value as high as 90% could be attained 
with 2 M NaCl. For phenol as a weak acid, the extraction characteristics 
are affected by the solution pH, so that the percent extraction decreased 
dramatically near pH 10, corresponding to its pK, , and little phenol was 
extracted from the solution above pH 12, irrespective of NaCl concentra- 
tion. Thus the extraction of phenol is remarkably depressed at high basici- 
ties, where phenol is ionized to the less hydrophobic form than the free 
form. This implies that alkaline solutions have a possibility of backextract- 
ing phenol from the surfactant-rich phase. 

Here we attempted backextraction from two surfactant-rich phases con- 
taining 0.22 and 0.39 M phenol by use of NaOH solutions as stripping 
solutions; the results are summarized in Table 1. For the surfactant-rich 
phase with the lower phenol concentration, the percent stripping of 
phenol, R,  could be achieved nearly quantitatively with 0.5 and 1.0 M 
NaOH, although not more than 65% with 0.1 M NaOH; whereas in the 
case of the higher phenol concentration, it was somewhat depressed. The 
R value increases with an increase in the volume ratio of the stripping 
solution to the loaded coacervate, though the concentration of phenol in 
the recovery phase becomes lower. In some of the backextraction experi- 
ments at lower volume ratios, however, the two phases did not become 
homogeneous as a result of lowering of the solubility of PONPE10 in 
aqueous NaOH solution; thus, a complete mixture could not be obtained. 

Cloud-Point Extraction of Pyridine Derivatives 

The cloud-point extraction of organic weak base such as pyridine deriv- 
atives was studied in the same way as was phenol. The CP of PONPE10 
solutions containing pyridines and the volume ratio of the surfactant-rich 

TABLE 1 
Backextraction of Phenol from the Loaded Surfactant-Rich 

Phases with Aqueous NaOH" 

M s  (mmol) NaOH (M) MW (mmol) Rb [%I 

1.09 0.10 0.71 65 
1.09 0.50 1.10 100 
1.09 1 .oo 1.01 93 
1.96 0.10 0.71 36 
1.96 0.50 1.50 76 
I .96 1 .oo 1.45 73 

a Vs = 5 mL, VW = 10 mL. 
b R  = I O Q M ~ I M s .  
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842 AKlTA AND TAKEUCHI 

phase showed the same behavior as did pure surfactant solutions, unlike 
the system containing phenol. The difference in the effects of phenol and 
pyridines may be because the former interacts with the hydrophilic groups 
of the PONPEIO molecule via the hydrogen bond between its hydroxide 
group and the ethylene oxide group of the surfactant as well as by hydro- 
phobic interaction. Such a hydrogen bond interaction may make the sur- 
factant micelle more hydrophobic, and hence cause lowering of the CP 
and the volume ratio. In contrast with phenol, pyridines in each free base 
form could not interact with the oxygen atom of the ethylene oxide group 
in PONPEIO, and only hydrophobic interaction may be responsible for 
the partitioning. 

Figure 7 shows the effect of initial PONPElO concentration on the per- 
cent extraction of three pyridines. The extraction efficiency increased 
with an increase in the surfactant concentration. With an increase of the 
number of methyl groups to the pyridine ring, the hydrophobicity of these 
compounds increases in the following sequence: pyridine < 3-picoline < 
2,blutidine. As would be expected, the E values increased in the same 
sequence owing to hydrophobic interaction between the surfactant and 
each compound. Such extraction behavior is similar to the results reported 
for the sorption of pyridines onto porous resins in a previous paper (14). 

Figure 8 shows the pH dependence of the percent extraction of pyri- 
dines. For these weak basic compounds, the highest extraction is attained 
in each free form at high basicities, whereas there is lower extraction in 

100 
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0 0.02 0.04 0.06 0.08 0.1 0.12 

[PONPElO] [rnol/dm3] 

FIG. 7 Relationship between percent extraction of pyridines and PONPElO concentration 
with and without NaCI. [Pyridinesl = 0.005 M: [NaCIl = 0 M (OUA), 1 M (..A), (00) 

pyridine. (0.) picoline. (AA) lutidine. 
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the protonated forms at high acidities; the extraction behavior was varied 
around the pH corresponding to its pK, (5.22 for pyridine, 5.63 for 3- 
picoline, and 6.15 for 2,4-lutidine). This leads to the conclusion that back- 
extraction of pyridines from the surfactant-rich phase is possible by using 
acid solutions. 
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FIG. 9 Relationship between fractional concentrations of pyridines in aqueous and surfac- 
tant-rich phases. [PONPEIO] = 0.1 M; [pyridines] = 0.005 M; (A, B) = (picoline, pyridine) 

0; (lutidine, picoline) 0; (lutidine, pyridine) A. 
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844 AKlTA AND TAKEUCHI 

TABLE 2 
Separation Factors between Pyridines via Cloud-Point 

Extraction with and without NaCI, respectively. 

A B ~ A K  ~ A R "  

Lutidine Pyridine 4.30 8.03 
Lutidine Picoline 2.01 2.91 
Picoline Pyridine 1.64 2.13 

1.0 M NaCI. 

The application of CP extraction to the mutual separation of pyridines 
was also examined for three binary systems. Figure 9 shows the equilib- 
rium relations between the fractional concentrations of pyridines in both 
phases as a plot of C S , A I ( C S . A  + CS.B) against C W , A I ( C W . A  + CW,B) ,  

where C S  and Cw are concentrations in the surfactant-rich and aqueous 
phases, respectively. The equilibrium data located on the convex curves 
indicate a selective extraction of compound A over B; the selectivity is 
in the same sequence as the hydrophobicities of the pyridines described 
above. 

The separation factor, UAB,  is defined as 

We obtained the value of (YAB from the data in Fig. 9 by the least-square 
method, and the results are given in Table 2. In Fig. 9 the solid lines 
represent the calculations from these values. The mutual separation of 
pyridines can be attributed mainly to the difference in hydrophobic inter- 
actions between the compounds and the surfactant; thus the separation 
factor for pyridinehtidine is a higher value than those for the other two 
binary systems. The addition of NaCI to the system enhances the separa- 
tion factor and therefore brings about better phase separation as well. 

CONCLUSION 

Cloud-point extraction of organic compounds was studied using a non- 
ionic surfactant PONPE 10, and the following conclusions were obtained. 

Cloud-point behavior of aqueous PONPE I0 solutions can be improved 
by adding NaCl as well as organic compounds such as phenol. Phase 
separation for the solution was completed within 40 minutes at 7WC, al- 
though separation is possible even at ambient temperature. 

The cloud-point extraction of phenol was successfully attained for 
PONPE solutions ranging from acidic to neutral, and the extraction effi- 
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CLOUD-POINT EXTRACTION OF ORGANIC COMPOUNDS 845 

ciency increased with an increase in the surfactant concentration. Back- 
extraction of phenol from the surfactant-rich phase could be achieved with 
alkaline solutions. 

This extraction method was found to be effective in recovering three 
pyridine derivatives from neutral and alkaline solutions; however, the 
extraction efficiency of these compounds is somewhat low compared to 
that of phenol. For mutual separation of pyridines, selectivity was in the 
same sequence as the hydrophobicities of their homologues. 

NOMENCLATURE 

C concentration (mol/dm3) 
E percent extraction (%) 
M amount (mol) 
R percent stripping (%) 
V volume (dm3) 
01 separation factor (-) 

Subscripts 

S surfactant-rich phase 
W aqueous phase 
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