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by the thermodynamic model of Flory-Huggins-Rupert
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ABSTRACT

The cloud point curves of polyethoxylated surfactants are established experimentally. These

experimental data are preliminary to the development of the cloud point extraction process,
which appears as an interesting alternative to the usual solvent extraction unit operation. Starting
from the thermodynamic model developed by Flory and Huggins for phase separation of polymer
aqueous solutions, this paper aims at the prediction of cloud point curves. In this work, Rupert’s
approach is extended to commercial nonionic surfactants, mixtures of homologous species,
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namely a few alkylphenol and alcohol ethoxylates. The limit of such an approach is clearly demon-
strated, provided that a fitting parameter is finally required for a successful model application to
pilot-plant manufactured surfactants, like Cs®E, (n=7.5, 10, 12), Co®E, (n=8, 10, 12), C12E4, Ci2Es
and commercial Tergitol 15-S-7 (linear C,,-C,, secondary alcohol with an average of 7 ethylene

oxide units).
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Introduction

Flory and Huggins formulated independently a thermo-
dynamic theory of polymer solutions, in which thermo-
dynamic quantities are derived from a simple concept of
combinational entropy of mixing and the reduced Gibbs
energy (dimensionless) x parameter.“'” This theory was ini-
tially developed for modeling the phase separation of aque-
ous polymer solutions. On the other hand, the phase
separation of nonionic polyethoxylated surfactant solutions
has been analyzed theoretically'*®! and the Flory-Huggins

theory has been extended to micellar systems by Goldfarb
and Sepulveda,”) Weckstrom and Zulauf,'® Evans et al.[®
and Rupert’® in order to model and predict the cloud point
curves of water/nonionic surfactant systems. This approach
is based on the analogy between a micelle and a polymer
macromolecule: the micelle in solution, the monomer in the
micelle, and the aggregation number of the micelle corres-
pond to the polymer in solution, the segment of the polymer
and the degree of polymerization, respectively. The Flory-
Huggins-Rupert model still remains the most reliable. As
the critical micelle concentration (cmc) of polyethoxylated
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nonionic surfactants is about 10 * to 10 *wt. % and the
cloud point is observed at a concentration higher than the
cmc,'% 3l it can be assumed that the surfactant system is
only composed of micellar aggregates in water and that the
monomer effect on the «cloud point may be
neglected.Moreover, Rupert was also able to determine a
correlation for alcohol ethoxylates giving the micellar aggre-
gation number as a function of the hydrophobic chain
length and the number of ethylene oxide units of the hydro-
philic head group. However, this correlation is only applic-
able to pure ethoxylated alcohols. An attempt to apply the
Flory-Huggins-Rupert theory to surfactant mixtures has
been published by Inoue et al."*! Now, common commer-
cial nonionic surfactants, namely alkylphenol ethoxylates
(C®E,) and alcohol ethoxylates (C,,E,), are always mix-
tures of chemical species differing by their alkyl chain
length (m) and their number of ethylene oxide units (n).
Thus, the modeling and prediction of the demixing
curves of ethoxylated surfactant/water systems represent an
interest for the cloud point extraction process.'>'**! In
this work, we try to apply the model to commercial alkyl-
phenol ethoxylates (Cs®E,, (n=7.5, 10, 12), Co@E, (n=38,
10, 12) and alcohol ethoxylates (C;;E4, Ci2E¢ and Tergitol
15-S-7).

Thermodynamic analysis of water/polyethoxylated
surfactant systems and cloud point modeling

Let us consider a water/polyethoxylated surfactant system.
Heating a solution of surfactant concentration M leads to
clouding at a temperature T, (cloud point). Above T, in the
biphasic region, a coacervate of concentration a coexists
with a dilute phase of concentration b (Figure 1).

Let 1, and ;% be the water chemical potentials in
coacervate and dilute phase, respectively.

The water chemical potential in the dilute phase is con-
sidered being equal to the chemical potential of pure water
(11°), because this phase is extremely diluted. At equilib-
rium, these chemical potentials are equal:

= T (1]

Now, temperature, T, and pressure being constant, the
chemical potential variation of the solvent is obtained by
deriving AGy;, the free energy of mixing (here correspond-
ing to the free energy change due to micellar solution for-
mation from pure water and pure surfactant'*) with
respect to n;, the number of moles of solvent:

OAGy
co_ 0 _
Hy =iy < o > (2]

AGy; is related to the enthalpy and entropy of mixing,
AHy; and ASy;, respectively, by:

AGy = AHy— TASM (3)

with, according to the Flory-Huggins theory'? adapted by
Rupert'®! and Inoue et al."" to water/surfactant systems:

ASy = —k(nyln¢g; + nplng,) (4)
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Figure 1. Schematic representation of the cloud point curve of a non
jonic surfactant.

AHy = *n’l(lsm w12 (5)

where n,, and ¢, are the number and volume fraction of
micelles, respectively, n’; the number of lattice points which
contain f§ water molecules (n’; =n;/f), solvent volume frac-
tion (¢;) and wy, an interaction energy parameter. f§ is thus
the ratio of the volume of a segment (here a surfactant
monomer) to that of a water molecule. Now:

n} ny

= = 6

# ny + Nn,,  ny+ fny ©)
Nn,, pn

P 2 (7)

:n’l—i—Nnm :n1+ﬁn2

where N is the aggregation number and n, the number of
surfactant molecules (n, = Nn,,).

Combining Equations (2) to (7) yields (on the molar
scale)®!:

i =S5 [ 0+ 0u (1-%) - otmz] @

The third term (¢, %%) in Equation (8) describes
the deviation from ideal mixing behavior, which occurs
as a result of the interaction of a segment with
the solvent.

In fact, wyy, which describes the segment transfer from
hydrous micelle to system containing pure water and pure
surfactant, is a free energy term, composed of enthalpic
(H,,) and entropic (S;,) contributions, according to the fol-
lowing equation:

wiz = Hp- TS, )

By introducing Equation (9) into Equation (8) and taking
equilibrium conditions into account (u® = pd =~ 10 at
T =T,), we can then derive the expression of the cloud
point temperature, T, as a function of ¢m[9]:

T — H12<an
‘ R[In(l - Q)+ (pm(l - %) + SIZQD%J

Therefore, T also depends on the surfactant/water inter-
action parameters and the micellar aggregation number.

(10)



According to Flory’s approach,?! the solute volume fraction,
¢ m> at the minimum clouding temperature is related to the
number of segments (here: N):

2
N = —(I;E/)'”)] (11)
So:
. 1
¢t = [H \/N} (12)

Application to pure alcohol ethoxylate/
water systems

It has been shown by Barry and Russel®® that the logarithm
of the aggregation number of alkyltrimethylammonium salts
is linearly related to the carbon atom number in the hydro-
carbon chain. On the basis of this finding, Rupert®’ estab-
lished the following logarithmic relation for N as a function
of the carbon number of the hydrophobic chain, m, and the

number of ethylene oxide units, n:
log N = 0.444m—0.458n + 0.662 (13)

He calculated w, at 50°C (as a reference case), H;, and
512:

Wiy 50) = — 23 m+120n— 750(cal mol ') (14)
Hy, = —440 m+ 710 n + 3200 (15)
Sp = -128m+183 n+12.2 (16)

- (710 n— 440 m + 3200) ¢2,
© R[In(1-¢,,) + (1-L)$,] + ¢5,(1.83 n 128 m+12.2)
(17)

Application to a multicomponent system

Equation (8), adapted by Inoue et al.'* to mixture of water
(1), surfactant A (2) and surfactant B (3), becomes:

o RT 1
pg =i =5 In(1—¢,)+ <Pm<1 - N)
2 X3W13

(18)
XoX3W
2 A24A3 23]

2 XoW12 _
™ RT

"™ RT m RT

x, and x; are the mole fractions of surfactants A and B in
the mixed micelle and w,; the free energy of interaction
between the two surfactants in the micelles,

At equilibrium, the demixing temperature of the mixture,
T,, is given by the following equation:

To = [x,Hys + x3H13—x2x3wz3}¢i1

R|in(1-¢,,) + (1—m> ¢mj| + [%2812 + x3813] ¢},
(19)

Generalizing to a mixture of water and n surfactants, the
equation becomes:
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Figure 2. Distribution of the number of ethylene oxide units, n, in Ci3E,
(SEPPIC data).

B B iy Xt Hiin) = Oy Dl joi XiWi
RlIn(1=y) + (1= 5= ) b | + b5 X1 51 Sugin)
(20)

C

where wj; is the free energy of interaction between the sur-
factants in the micelles.

In this work, Equation (20) was used to predict the cloud
point of commercial surfactants.

Experimental
Chemical species

Alcohol ethoxylates, C,,E,,, are mixtures of polyethoxylated
dodecanols containing residual alcohol. In the same way,
alkylphenol ethoxylates are designated as C,®E,.
TERGITOL 15-S-7 is a mixture of secondary alcohol ethoxy-
lates with the average formula Ci, 14H,5,9 O(CH,CH,O),H
(‘7 stands for the average number of ethylene oxide, EO,
units, but actual EO numbers range between 3 and 40).
Except TERGITOL 15-S-7, purchased from the Dow
Chemical Company, the non-ionic surfactants used in this
work were kindly provided by SEPPIC (Castres, France).
Cy,E; (SIMULSOL P4) was a commercial sample; C,E4 and
alkylphenol ethoxylates (Cs®E;s, Cs®E;q, Cs®E;,, Co®DEs,
Cy®E;; and Cy®E;,) were pilot-plant manufactured. The
composition of SIMULSOL P4 and C,,E¢ are illustrated in
Figures 2 and 3, respectively.

Cloud point measurements

The determination of the cloud point was carried out using
a Mettler FP 900 apparatus, consisting of an oven, a con-
trol unit and several measuring cells. The temperature of
the sample, placed inside a cell, was measured using a
highly accurate Pt100 sensor (probe) placed in a small
oven. In the lower part of the cloud point measuring cell,
FP81C, an optical fiber can illuminate three samples. The
residual transmitted light is converted into a proportional
electric signal. The light transmission is measured
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Figure 3. Distribution of the number of ethylene oxide units, n, in Ci,E¢
(SEPPIC data).

Table 1. Volume fractions of surfactant, ¢, at critical point and aggregation
numbers, N, in water/alkylphenol ethoxylate systems.

Surfactant $m (%) N

Cg®DE; 5 0.87 12980
Cg®Eo 5.02 358
Cg®E, 7.46 154
CoDEg 0.62 25693
CoDE 1.09 8234
Co®E;, 6.82 187

continuously while the cell temperature increases linearly at
the heating rate chosen. The cloud point is the temperature
at which the solution becomes cloudy, as a result of the
appearance of a second phase, inducing a transmis-
sion decrease.

Application of the thermodynamic model to
multicomponent systems

Polyethoxylated alkylphenols

Aggregation number

The thermodynamic model can be applied to alkylphenol
polyethoxylate/water systems. However, we need to first
calculate the aggregation number, N from the minimum
(¢m°) of the experimental miscibility curve using Equation
(11). Experimental ¢,,° and calculated N values are given
in Table 1. N values range from 154 to 25693. This result
seems to be not realistic because of the large variation of
the aggregation number. However, Rupert!®’ also obtained
similar variation in “N” values, between 5.7 and 24100, for
C4E; and C;¢E¢ respectively. Therefore, the hypothesis of
similarity between the segment number and aggregation
number with regard to the cloud point phenomenon
was assessed.

One can notice that the aggregation number (and thus
micellar size) decreases as the ethylene oxide number (n)
increases (Table 1). However, at fixed n, micellar size
increases with the carbon number in the hydrophobic chain
(m). This is in agreement with the findings from the litera-
ture.[****) Hence, the aggregation number depends on sur-
factant structure. Thus, from data in Table 1, a relation
between N and the structural parameters, m and n, was
determined:

logN = 0.514m—0.413n + 3.099 (21)

Table 2. Thermodynamic parameters of interaction.

Surfactants Hy, (k) mol ) S, Umol TK Y
CgDE; 5 347 15.95
CoDEqo 1035 35.25
[@X )3 19.56 59.14
CoDE, 447 18.81
CoDE 10.10 3423
Co®E,; 13.24 42.07

Thermodynamic quantities

The thermodynamic parameters, H;, and S;, were obtained
experimentally in the concentrated surfactant part of the
cloud point curve (Figure 1). Using the experimental values
of T. and ¢,, and applying Equation (10), we can obtain
H,, and S;, (Table 2). From the data in Table 2, it can be
seen that the interaction quantities, H;, and S;,, increase
with n and decrease as m increases. Therefore, the influence
of the carbon number, m, and the number of ethylene oxide
units, n, on H;, and S;, was evaluated and correlations
between enthalpy and entropy as a function of the surfactant
structure are established as follows:

Hy,= —2348 m + 2948 n +0.925 (k] mol !) (22)

Sp,= —6.392m + 7.891n +10.335 (J mol 'K ')
(23)

During the phase separation of a micellar solution, water
molecules surrounding surfactant polar heads must be
released, which leads to an increase in enthalpy and entropy.
According to Inoue,'* the positive coefficient of n in
Equations (22) and (23) corresponds to this situation. It is
likely that the hydrophobic chains contribute to decreasing
the enthalpy as well as the entropy when the surfactant mol-
ecules are transferred from the micelles to the pure surfac-
tant phase; this can be the reason of the negative coefficients
for m. H;, and S;, are bound by an affine function. The
correlation coefficients of the plotted straight lines of
(H12)calc and (SIZ)calcVS' (H12)exp and (812)exp are 0.9275 and
.0.9280, respectively. Such a relationship between the
enthalpy and entropy of interaction has been observed in
some aqueous systems, e.g. protein denaturation®® and
micelle formation.*"

Miscibility curve

The polyethoxylated alkylphenols being considered as pure
species, the substitution of Equations (22) and (23) in
Equation (10) leads to the relation between the cloud point,
T., and the structural parameters m and n:

©2(2.948 n 2.348 m + 0.925)
o)+ (1 1/N)o ]+ ¢2(7.89 n  6.392 m+10.335)

(25)

T.

R[ln (1

Figures 4a and 4b compare the calculated miscibility
curves and the experimental values for the C,®E, surfac-
tants. Although the presence of starting reagent and impur-
ities can change the cloud point of commercial surfactants
compared with pure species, the agreement between calcu-
lated and experimental values is satisfactory for surfactant
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concentrations higher than 5wt.%, except for Cy®Eg. It
could therefore be assumed that the average value of n
reported by the manufacturer is not so precise.

Thus, the model sensitivity to ethylene oxide number was
checked for the surfactant Co®Eg (Figure 5).

One can notice in Figure 5 that a small variation of n
changes the cloud point significantly. For this surfactant, a
value of n=_8.4 gives the closest agreement with experimen-
tal results.

Besides, the cloud point, T., strongly depends on the
micelle aggregation number, N. This dependence was
studied for the surfactants Cg®E,;, and Cy®E,(, using
Equations (21) and (25). Results are shown in Figure 6. T,
curves become more sensitive to the value of N as dilution
increases. However, for surfactant concentrations greater
than 0.1% (v/v), the calculated curves are practically super-
imposed. On the other hand, the theoretical curves approach
the experimental points when N increases, but the best fit is
obtained for N values greater than the generally accepted
aggregation numbers. This result means that N could be
considered as a fitting parameter. Hence, in a wide range of
surfactant concentrations, the model applied to water-surfac-
tant systems leads to very satisfactory results for values of
aggregation numbers in accordance with literature values.

Polyethoxylated alcohols

Commercial C15E4
The cloud point of Simulsol P4 (commercial C,,E,) is
around 6°C at 1wt. %. Indeed, aqueous solutions of this
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Figure 5. Curves of cloud point for C;®E, (n 8 to 8.5).
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surfactant are already turbid at room temperature at this
concentration. The Flory-Huggins-Rupert model was used to
calculate the demixing curve of this surfactant and compare
it with the experimental one. The commercial surfactant was
produced as a mixture of 16 surfactants (C,,E,, n=1-16)
and 10% of residual dodecan-1-ol (Figure 2).

Using Equations (15) and (16), we calculate the terms
Yoy Xi1Higir1) (equal to 1327.940cal/mol) and Y7, xis
18yi4+1) (equal to 5.604cal/mol K). The term

Z,':g, j»i Xixjwijwas adjusted to be equal to 70 cal/mol for
this commercial surfactant.

The demixing curve found by the thermodynamic model
adapted for complex non ionic surfactant systems
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(Equation 20) is shown in Figure 7. This curve almost coin-
cides with the experimental demixing curve. At low surfac-
tant concentration (less than 10% by volume), the
experimental curve is below that calculated using Equation 20;
this may be due to dodecan-1-ol which decreases the cloud
point of nonionic surfactants.*

Commercial C;5E4
The simplest method is to use Equation (17) and calculate
the cloud point using the average formula (C;,Es) given by
the manufacturer, supposing that this surfactant is a pure
chemical species. In this case, the experimental and calcu-
lated curves are quite different, as shown in Figure 8.

However, the chromatogram provided for the pilot-plant
C1,Es sample shows that it is a mixture of 18 surfactants
(Ci2E,, n=1-18) and 4% of residual dodecan-1-ol
(Figure 3).

Flory-Huggins-Rupert model adapted for complex surfac-
tant mixture was applied to commercial C;,Es. From
Equations (15) and (16), we can calculate the
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Figure 9. Comparison between the miscibility curve calculated by the
Flory Huggins Rupert model adapted for mixture surfactant system (Equation
20) and the experimental curve of commercial C;,Eq.
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Figure 10. Comparison between the C;3E; miscibility curve calculated by the
Flory Huggins Rupert model (Equations 13 and 17) and the experimental curve
of Tergitol 15 S 7.

terms Y i Xiv1Hy(ip1)(equal  to  2803.769 cal/mol) and
Iy Xi1S1(i+1)(equal to 8.955cal/mol K). On the other
hand, the term 77, , ;. ;xixw;is not simple to calculate,
because it requires knowledge of the free enthalpies of inter-
action of all the possible combinations between the surfac-
tants molecules of the mixture. The presence of dodecan-1-
ol in the mixture complicates calculation, its free interaction
energy with the surfactants in the micelles being probably
different from that of the surfactant molecules between
them. At this stage, this term remains an adjustable param-
eter. The value of Z?j:l joi XiXjwij ~280 cal/mol leads to a
smaller deviation (<10% on average between calculated and
experimental results as shown in Figure 9. Again at low sur-
factant concentration (less than 10% by volume), the experi-
mental curve is below that calculated using Equation (20);

Tergitol 15-S-7

Let us try to find the pure straight-chain alcohol ethoxylate
showing the cloud point curve as close as possible to that of
Tergitol 15-S-7. Since branched, or middle-functionalized,



chains are equivalent to shorter straight chains, as an
approximation, the average formula, C;3E;, was assumed for
this commercial surfactant. Equation (17) was used to calcu-
late the cloud point. Small deviations between calculated
and experimental values (Figure 10) justify the dis-
played formula.

Conclusion

The cloud point phenomenon has been studied using the
Flory-Huggins theory, which was investigated by various
authors and applied in particular by Rupert'®! to polyethoxy-
lated alcohols. In this theory, an analogy between cloud
point phenomenon and phase separation in polymer solu-
tions was assumed. This theory interprets the clouding phe-
nomenon for pure surfactant systems adequately. In this
work, the cloud point curves of commercial polyethoxylated
surfactants, which consist of a mixture of several pure sur-
factants, such as octylphenol, nonylphenol and alcohol
ethoxylates, commercial C,,E, and C;,E4 and Tergitol 15-S-
7 (average formula: Cy, ;4H,s5,0 O[CH,CH,0];H), were
quite well predicted. This approach also correlates enthalpy
and entropy of interaction with the structure of the surfac-
tant. But, finally, at this stage, in spite of the effort consider-
ing the multicomponent feature of any commercial
surfactant, the prediction of clouding properties still remains
a challenge and it is still necessary to keep a fitting param-
eter allowing to take into account the complexity of the sur-
factant formula.
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