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Abstract

The effect of ethylene oxide number (EON) polydispersity on the phase behavior
of alkyl ethoxylates has been well documented in the surfactant literature. These
previous studies show that polydisperse alkyl ethoxylates appear more hydro-
philic as the surfactant concentration decreases or as the oil-to-water ratio
increases. This becomes a troubling issue considering that most surfactant for-
mulations undergo dilution during use, and they experience a wide range of
water-to-oil volume ratios. Within the hydrophilic-lipophilic difference framework,
the surfactant hydrophobicity is assessed via the sigma (¢) term (also known as
the characteristic curvature or Cc). In this work, the effect of surfactant concen-
tration on the apparent value of sigma (o4pp) is evaluated as a function of surfac-
tant concentration. The experimental observations are then explained using a
bifunctional model for alkyl ethoxylates that consider the dual nature of polar oils
(free alcohol and low EON ethoxymers) as surfactants and as oil components. A
segregation-based model and a partition-based model are implemented to
account for the distribution of the ethoxymers in the surfactant pseudophase and
the oil phase. Combining these distribution models with the bifunctional model
and a group contribution model for sigma, one can predict the ¢ term versus sur-
factant concentration for a given water/oil ratio, starting from the EON distribution
of the surfactant. The practical applications of the model are discussed.
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number of EOs in the chain) determine the average
and standard deviation of the number of EO groups per

Alkyl ethoxylates involve a family of surfactants with a
hydrocarbon (alkyl) group connected to a poly(ethylene
oxide) (EO) group. The most common alkyl ethoxylates
are alcohol ethoxylates (AEs) produced by the reaction
between fatty alcohols and EO using a catalyst, typically
KOH (Rosen & Kunjappu, 2012). The market share of alkyl
ethoxylates has been growing since their introduction due
to their mildness (as compared to ionic surfactants), their
low foaming (desirable in horizontal washing machines),
their tunability (by changing the chain length and average
degree of ethoxylation), their compatibility with enzymes
and polymers, and their ability to adapt to a wide range of
electrolyte concentrations (Marketsandmarkets, 2020;
Rosen & Kunjappu, 2012).

The ethoxylation catalyst used, the reaction condi-
tions, and the target degree of ethoxylation (average

alkyl chain, as well as the fraction of free (unreacted)
alcohol. The polydispersity index (PDI) is often used to
quantify the polydispersity (ratio between weight
fraction-averaged molecular weight and mole-fraction-
averaged molecular weight). For a monodisperse sur-
factant PDI ~1, and PDI >1 for more polydisperse
products.

High PDI values in AEs have several practical impli-
cations. First, the cloud point tends to be lower than
that of a more monodisperse product (Goe, 1998). For
monodisperse AEs, the best detergency tends to be
obtained when the temperature of the washing
approaches the phase inversion temperature (PIT) of
the surfactant—oil (stain)—water (SOW) system. In gen-
eral, any condition leading to the phase inversion point
of the SOW system tends to improve the detergency of
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the formulation (Boza-Troncoso & Acosta, 2019;
Thompson, 1994; Tongcumpou et al., 2003).

The most practical method to identify the phase inver-
sion conditions for a SOW system is via the hydrophilic—
lipophilic difference (HLD) framework (Salager, 1977,
2000; Salager et al., 2000). The HLD framework consists
of a set of two empirical equations (one for ionic surfac-
tants, one for nonionic surfactants) that relate the condi-
tion of phase inversion (HLD = 0) to the temperature of
the system (T), the salinity of the aqueous environment
(S, often expressed in g NaCl/100 ml), and the hydropho-
bicity of the oil phase, expressed in terms of equivalent
alkane carbon number (EACN). For linear alkanes with
5 or more carbons, the EACN is simply the number of car-
bons in their chain length, but for other ails, it is a value
that is determined experimentally via phase inversion
studies. The original empirical correlations for ionic surfac-
tants were introduced in Salager's PhD dissertation
(Salager, 1977). The correlations contained a sigma (o)
term that accounted for the hydrophobic nature of the sur-
factant. The physical significance of the ¢ term (also
noted as f for nonionic surfactants) has been interpreted
as the characteristic curvature (Cc) of the surfactant
(Acosta et al., 2008).

Salager’s formulation correlations appear in early
publications under various names but finally settled on
HLD, interpreting the HLD as the normalized difference
between the chemical potential of the surfactant in the
aqueous phase and the oil phase (Salager et al., 2000,
2013). The HLD for nonionic surfactants is (Salager
etal., 1979, 2000, 2005):

HLD=b-S—k-EACN+cr(T—25°C)+0. (1)

The term b-S expresses the salting-out effect, thus
“b” depends on the salt used. For sodium chloride,
b = 0.13 when S is expressed in g NaCl/100 ml. The
value of “k” can range from 0.05 (for extended surfac-
tants) to 0.25 (for some cationic surfactants), but more
often ranges from 0.15 to 0.17. The term cr
(T — 25°C) reflects the fact that increasing the temper-
ature tends to dehydrate alkyl ethoxylate surfactants,
making them more hydrophobic. For alkyl ethoxylates,
cr~0.06°C".

Figure 1 presents a comparison between values of ¢
calculated from a o-Griffin’s hydrophilic-lipophilic balance
(HLB) correlation presented in the literature for monodis-
perse AEs C.E; where “n” is the number of carbons in
the hydrocarbon tail of the AEs, a value of n = 11 was
used for Figure 1 (Acosta, 2020). The value of “j” repre-
sents the number of EO groups in the headgroup of the
surfactant. The o-Griffin's HLB correlation was con-
structed using Griffin’'s group contribution (Griffin, 1954)
for Cg_16E4 surfactants and the ¢ (Cc) group contribution
of Acosta (2008). Even though the 5-HLB correlation was
developed for a narrow range of composition, it
applies to highly ethoxylated surfactants. For example,
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FIGURE 1 Correlations for sigma values of monodisperse
alcohol ethoxylates. The hydrophile—lipophile balance (HLB)
correlation was introduced by Acosta (2020) and the linear group
contribution by Acosta (2008). The cloud point—preferred alkane
carbon number (PACN) correlation by Aubry et al. (2020). The cloud
point—c correlation by Zarate-Mufioz et al. (2015)

the HLB of Tween 80, containing 20 EO groups, is 15.
According to the correlation, ¢ = (11.5 — HLB)/0.85 =

(11.5-15)/0.85 = —4.1. The o for Tween 80 was
reported to range from —3 to —3.7 by Zarate-Mufoz
et al. (2016).

Another correlation shown in Figure 1 is a linear
contribution group, proposed by Acosta, as ¢ = 2.4 +
0.28*n — j (Acosta, 2008). It is important to keep in
mind that this correlation was produced for systems
with j values from 2 to 6 and n values from 6 to 12. To
illustrate the inaccuracy of the linear approach for
highly ethoxylated surfactants, one can use the linear
group contribution with n = 18 and j = 20 as a prelimi-
nary estimation for Tween 80, finding ¢ = —12.6, which
is a substantial deviation from the experimentally deter-
mined values (Zarate-Munoz et al., 2016).

The cloud point—preferred alkane carbon number
(PACN) correlation in Figure 1 uses the connection
between cloud point and o/k (PACN), and Gu’s group
contribution for cloud point (Aubry et al.,, 2020). The
values of sigma presented in Figure 1 from this correla-
tion assume k = 0.16. Finally, Figure 1 presents a con-
nection between cloud point and sigma obtained by
Zarate-Muinoz et al. using Huiber’s group contribution
for cloud point (Choi et al., 2019).

Except for the linear correlation, all other correla-
tions in Figure 1 point to C44E; surfactants with j>9
approaching a plateau sigma value, deviating from the
linear trend obtained with j < 9. Figure 1 also presents
one of the central assumptions of this work, that AEs
with j <7 have a greater tendency to partition into the
oil phase. This assumption is supported by observa-
tions of surfactant concentrations above and below crit-
ical micelle concentration (CMC) with monodisperse
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FIGURE 2 Schematic illustrating the partition of C44E;
surfactants in (left) concentrated environments (or low oil/water ratio)
and (right) diluted environments (or high oil/water ratio). The green,
red, and yellow beads represent carbon groups (CHz, CH,, and CH),
the ethoxy group (—OCH,CH,>—), and the hydroxyl group (—OH),
respectively

ethoxylated alkylphenols. Harusawa et al. determined
that above the CMC, increasing the concentration of
nonylphenol (NPE) with four ethoxy groups (NPE4) in a
water—isooctane system resulted in a selective partition
into the oil phase (Harusawa et al., 1982). However, for
NPE6 and NPES8 in the same system, any surfactant
addition beyond the CMC resulted in an accumulation
of the surfactant in the aqueous phase. When the
researchers changed the oil phase from isooctane to
cyclohexane, NPE6 accumulated in the oil phase. A
similar transition around six ethoxy groups was
observed by Marquez et al. (2000).

Once an aqueous polydisperse surfactant solution
is set in contact with an oil phase, the more lipophilic
surfactant species (having low ) partition into the oil
phase, changing the composition of the mixture.
Figure 2 presents a schematic of this partition behavior
in two cases: a concentrated surfactant solution (or a
system with a low oil/water ratio) and a diluted surfac-
tant solution (or a system with a high oil/water ratio).
Comparing the low and high oil/water ratio cases in
Figure 2, one realizes that in the system with less oil,
there is less capacity to extract surfactant from the

interface, and only a fraction of the lipophilic (low )
species partition into the oil phase. Increasing the oil
phase volume increases the capacity to extract more
lipophilic species from the surfactant pseudophase.

Evidence of the partition behavior illustrated in
Figure 2 and its impact on the hydrophobicity of the sur-
factant can be found in various sources (Anton
et al., 2008; Goe, 1998; Kunieda & Shinoda, 1985). For
example, Shinoda’s phase diagrams (at constant total
surfactant concentration) of temperature versus oil frac-
tion show that, for alkylphenol ethoxylates, increasing
oil fraction increases the PIT of the system (Kunieda &
Shinoda, 1985). In other words, at high oil/water ratios,
the surfactant mixture is more hydrophilic and requires a
higher temperature to undergo phase inversion. This
observation was translated into a linear relation between
o and the logarithm of the oil/water ratio (Acosta, 2008).

Antdn et al. discussed the partition of AEs in detail,
using schematics of changes in EO distribution after
surfactant contact with the oil phase. They noted that
surfactant partition is evidenced in oblique fish phase
diagrams where the temperature boundaries increase
in magnitude at lower surfactant concentrations.
Another way in which the same effect is observed is
that more hydrophobic (low average j”) surfactants
were required to achieve phase inversion at a given
temperature when the surfactant concentration was
reduced. Anton et al. suggested that the ethoxymers
partitioning into the oil phase are primarily those with
j <5 (Antdn et al., 2008).

Although having monodisperse AEs would solve var-
ious phase behavior problems, the separation costs
associated with producing monodisperse AEs are pro-
hibitive for most applications. Instead, finding a way to
understand the impact of AE polydispersity on phase
behavior and a way to manage it is a more promising
route to improve formulations containing AEs. The pur-
pose of this work is to introduce a framework that can
predict the SOW phase behavior of polydisperse AEs
using the HLD framework (Equation 1) and a bifunctional
model for polar oils that accounts for the surfactant and
oil-like behavior of molecules such as low “§” AEs.

MODEL DEVELOPMENT

The segregation-bifunctional model for polydisperse
AEs is summarized in the algorithm of Figure 3. The
bifunctional model of polar oils was originally derived to
account for the polar oil segregated at the interface and
the amount that remained molecularly dissolved in the
oil phase. The portion that segregated toward the inter-
face was considered to behave as a surfactant, with a
given opolar oi, and the portion dissolved in the oil was
considered an oil with a given EACNpgjar oil-

Before describing the details of the segregation-
bifunctional model, it should be noted that the partition
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{

Ojco=2.4+0.28n —j [A.9]
029 = (11.5-(44j + 17)/(14n + 44j + 17)-20) /0.85 [A.10]
|'

X,.; = (Ci~Ce)) /{Z(Ci—Ce,) + C,,,} [A11]
Xisg = (Grry,0) /{Z(Cij—Cep) + C, )} [A.12]
O-mix = ZGij [A13]

k=0.16,b=0.13,c,=0.06 , $*in gNaCl/100 ml, T = 25°C
§*= (kEACN,, -0, ~c:(T=25°C))/b [A.14]

Opp = K'EACN =b-S* —cr(T-25°C) [A-15]

(Eid)

FIGURE 3 Segregation-bifunctional model algorithm for polydisperse alcohol ethoxylates

of ethoxymers has been modeled in the past consider- C,E; composition of molecules dissolved in water, and
ing a chain equilibrium between the micelle (the surfac-  the C,E; composition of molecules dissolved in oil
tant pseudophase in this work) C,E; composition, the (Graciaa et al., 1983, 2006; Harusawa & Tanaka, 1981;
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Kibbey & Chen, 2008; Warr et al., 1983). Normally solv-
ing a partition model requires solving, simultaneously,
several nonlinear equations. Section | in File S1 intro-
duces a simplified method of implementing the partition
model to calculate the oil and surfactant pseudophase
composition.

In the segregation-bifunctional model, the partition of
low “” ethoxymers is described as a segregation phe-
nomenon between the surfactant pseudophase, where
nonpartitioning C,E; species are present, and the oil
phase. As indicated earlier, several references point to
six ethoxymers as being the point of transition between
oil-partitioning and nonpartitioning surfactants (Antén
et al., 2008; Graciaa et al., 1983; Harusawa et al., 1982;
Marquez et al., 2000; Zarate-Mufioz et al., 2015). There-
fore, the segregation model algorithm in Figure 3 con-
siders C,E; species with j <7 partitioning species, and
species with j = 7 are nonpartitioning C,E;. The segrega-
tion model of Figure 3 uses as an input the initial (before
setting the formulation in contact with the oil) aqueous
molar concentration of the surfactant with a known eth-
oxy distribution (C; in the figure) and expected water-to-
oil volume ratio (r,,,) because this is likely the informa-
tion that is known to the formulator. Most formulations
are aqueous solutions, most surfactant manufacturers
have an ethoxy distribution for their products, or it can
be obtained via standard chromatography methods, and
the water-to-oil ratio applicable during the use of the
product is something that the formulator needs to con-
sider ahead of the formulation efforts. The term C; 1, in
Equations (A.1) and (A.2), Figure 3, neglects the CMC
of the surfactant in water; thus, the algorithm should not
be used when the total surfactant concentration is close
to the CMC (for the surfactants in this work, CMC
<0.1 wt%). For the segregating surfactants with j < 7, the
initial concentration in the oil phase, before segregation,
is Cij = Cjrwo (Equation A1, Figure 3). The total oil-
equivalent concentration of the nonpartitioning species
is Cnp = ZCjrwso for j2 7 (Equation A.2, Figure 3). The
use of oil-equivalent concentration for nonpartitioning
species is simply a method to express the ratio between
the moles of interfacially active species and the oil vol-
ume, in a way that facilitates the mass balance of the
polar oils.

To represent the polar oil segregation of the par-
titioning surfactant species in the surfactant pseudophase
using a Langmuir isotherm, one needs two parameters,
Qmax, @and Kmj, such that q; = Qmax,;Km;Cejf(1 + Km;-Ce)).
This segregation approach was previously validated for
naphthenic acid and dodecanol, used as an example of
polar oils, with ionic and nonionic surfactants (Ghayour &
Acosta, 2019, 2020). The segregation-bifunctional model
has also been used to predict the phase behavior of cos-
metic formulations for skin cleaning, including cholesterol
and oleic acid as polar oils (Acosta, 2020); and to evalu-
ate the effect of polar oils (oleic acid) in oily substrates

removed with a detergent formulation based on alkyl
ethoxylates (Natali & Acosta, 2019).

The term g; in the Langmuir equation is the ratio
between the moles of polar oil species segregated to the
surfactant pseudophase and the moles of nonpartitioning
surfactant species in the surfactant pseudophase. There-
fore, Qmax, is simply the maximum value of g when the
interface is saturated with the polar oil species. The value
of Km; can be interpreted as a term proportional to the
partition coefficient between the equilibrium concentration
of the polar oil after segregation (Cej) and the oil-
equivalent concentration of polar oil segregated in the sur-
factant pseudophase (Cseg,).- Cseg, Can be calculated as
Csng = C]j'Cnp = qmaxJ-~ij-Cej-Cnp/(1 + ij~Cej). At low
polar oil concentrations, Km;Ce;< <1, the Langmuir
expression is linear, and the partition coefficient between
the segregated and dissolved polar oil, Kseg/diss = Cseg,/
Cej = qmax,j'ij'Cnp- Thus, Kseg/dis x K.

For partitioning polar oils, added at relatively low
concentrations (often less than 20 mol%) in relation to
the surfactant, previous work has found that values of
gmax ~0.7 are appropriate for the segregation-bifunc-
tional model (Ghayour & Acosta, 2019). However, in
our preliminary simulations, we determined that if the
ratio C/C,,, was larger than 0.7, then using Qmax = 0.7
produced an overestimation of the partition of these
species. Therefore, the value of gax must be consid-
ered for each species (Qmaxj<7), as the maximum
value between 0.7 (suitable for low C;.7) and C/C,,
(suitable for high C;<7), as indicated in (Equation A.3,
Figure 3).

The value of Km; for each partitioning species is not
a trivial number to assign. In principle, one would need
to run polar oil phase behavior with the pure C.E; <~
species tests and a reference surfactant to fit Km;
However, if one can obtain the value of Km; for the
alcohol (Km; _ o) and find a way to correlate the Km;
values for the rest of the partition species, much work
and time could be saved. To find this correlation, one
could turn to the work of Zarate-Mufoz et al. that con-
sidered the partition between AEs in water and oil,
using the UNIFAC model (Zarate-Mufoz et al., 2015).
Using the values of partitions presented in Zarate-
Muhoz et al., Figure 4 presents the logarithm of the
ratio between the partition coefficient of a C,E; species
and the partition coefficient of the alcohol C,Eq (extrap-
olated from the values in the reference). The linear cor-
relations obtained from Figure 4 can be turned into an
expression of the form Km; = Kmq-10®? (Equation A.4,
Figure 3). Following the UNIFAC correlation introduced
in previous work (Boza-Troncoso & Acosta, 2015;
Zarate-Muioz et al., 2015), fl = 0.42 (partition of molec-
ularly dissolved species), which is consistent with
experimental trends shown in numerous sources
(Graciaa et al., 2006; Kibbey & Chen, 2008; Marquez
et al., 2000; Salager et al., 2000).
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FIGURE 4 Ratio between water—oil partition coefficients of C,E;
surfactants and free alcohol (C,,Eo) versus ethoxy group number ()
for CgE; and C13E;. Values calculated from UNIFAC simulations were
obtained by Zarate-Mufioz et al. (2015)

Equation (A.5) in the algorithm of Figure 3 is the
mass balance solution for the polar oil segregation,
indicating what portion of the initial concentration Ci
remains dissolved in the oil phase (Ce;) and which por-
tion segregates toward the surfactant pseudophase
(Ci; — Ce;). Equation (A.6), Figure 3, converts the dis-
solved molar concentration of the partitioning species
into a volume fraction in the oil (Y}). Equation (A.7),
Figure 3, presents another important simplification in
the algorithm: all partitioning species have the same
EACNpoiar ot = —20. Values of EACN of fatty alcohols
and fatty acids range from —9 to —80, often with large
uncertainties that overlap with the value of EACNygiar i
= —20 (Acosta, 2020; Ghayour & Acosta, 2019, 2020).
Given the large uncertainty in the EACN of polar oils,
the model uses the most common value of —20, but
this is an aspect that is open to re-examination.
Equation (A.8), Figure 3, presents a linear mixing rule
for the EACN of the oil mixture considering the volume
fraction of each partitioning oil (Y}) and the oil fraction
of the nonpolar oil (1 —2XY)) (Kiran et al., 2009).
Equation (A.8) implies that the partitioning of the low
“j” AEs affects the polar nature, thus the EACN, of the
oil phase.

Equations (A.9) and (A.10), Figure 3, present group
contribution equations (based on the trends of Figure 1)
to calculate o, considering the correlations presented in
Figure 1. The linear trend in Figure 1 has been confirmed
in the literature for j between 2 and 6 (Acosta, 2008).
However, for the nonpartitioning species, the HLB-¢ cor-
relation was used given the suitability of the HLB to
describe the hydrophobicity of AEs with large . The
cloud point correlations used in the other nonlinear corre-
lations in Figure 1 did not include experimental cloud
points for large “/” numbers. It is worth mentioning that
the linear correlation itself was not developed for j values
of 0 and 1, so the ¢ calculated with these *” values are
likely overestimations of the real value of 6. For example,

FIGURE 5 Phase behavior (salinity) scans for the C11Es nr—
heptane-brine system at T = 25°C and total initial aqueous
surfactant concentration of (from top to bottom) 20, 10, 5, and 2 wt%
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are no alternative correlations for sigma values for j = 0
and 1, the linear correlation would be considered valid for
those points.

for dodecanol (C45Ep), 6 ~ 2.0 has been reported (Gha-
your & Acosta, 2020), but the linear correlation of
Equation (A.9), Figure 3, would predict 6 ~ 5.8. As there

(a) (d)
25 25
Cy1E3 pr Cy1E3 nr
20 20
15 ¥ 15
o o
= 10 = 10
5 h 5
0 | I I | | T T 0 I
0 246 8101214161820 0 24 6 8101214161820
CrEy C11E;
(b) (e)
25 25
L 15 ° 15
o o
=10 = 10
0 | I I I | T T 0 I I I .
0246 8101214161820 02 46 8101214161820
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(c) ) e
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s E
>y 10 10

gl |
OIIl ||II|I-_ 0

0 2 46 8101214161820

CriE;y

0246 8101214161820
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FIGURE 6 Ethoxymer (ethylene oxide) distribution (obtained via high-temperature gas chromatography) for C; alcohol ethoxylates with
broad range (BR) and narrow range (NR) distribution and nominal degree of ethoxylation of 3, 5, and 7
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Equations (A.11) and (A.12), Figure 3, are used
to calculate the molar fraction in the surfactant
pseudophase of the partitioning (X;<7) and non-
partitioning species (X;:7), respectively. The frac-
tions were calculated using the oil-equivalent
concentrations in the surfactant pseudophase of the
partitioning (Ci; — Ce;) and nonpartitioning (C; rw/o)
species. Equation (A.13), Figure 3, calculates the
mixed sigma for the mixture (omix), and Equation
(A.14), Figure 3, calculates S* at HLD = 0 consider-
ing EACNp,ix. The apparent sigma (c,pp) is calcu-
lated using S*, HLD = 0, and EACN,; (7 for
heptane) (Equation A.15, Figure 3).

In addition to the segregation-bifunctional model,
some of the results include a partition-bifunctional
model. This partition version of the bifunctional model
obtains the composition in the surfactant pseudophase
(Xj) and the concentration of all the species in the oil
phase (Ce)) via a simplified solution of the simultaneous
mass balances. This simplified solution is shown in
Section | of File S1. With the X; and Ce; values, then
Equations (A.6) through (A.10) and Equations (A.13)
through (A.15), Figure 3, are utilized to find the appar-
ent sigma (oapp).-

The oapp value is what someone would obtain
experimentally by running a salinity phase scan with a
surfactant, obtaining the salinity at phase inversion
(S*), and simply calculating the sigma value, assum-
ing that the EACN of the oil is the known EACN of the
nonpolar oil used in the phase scans. Figure 5 illus-
trates this scenario presenting the salinity scan at dif-
ferent total surfactant concentrations for one of the
surfactants considered in this work, a narrow EO dis-
tribution C41Es_nr. The system of Figure 5 was pro-
duced with n-heptane as a nonpolar oil (EACN = 7), at
T = 25°C, and using sodium chloride as the scanning
electrolyte. This salt concentration increases in each

15

12 salinity
€ ——HLD-predicted
S 9 optimal salinity
N
S
N o
*
"3

0

0% 4% 8%

% v/v C11 alcohol in heptane

O Experimental optimal

tube (%wt/vol is g NaCl/100 ml aqueous phase) from
left to right. The highlighted test tube corresponds to
the closest tube to the phase inversion salinity (S* or
optimal salinity is the salinity where HLD = 0 and mid-
dle phases tend to be observed) where the volumes of
oil and water solubilized in the middle phase are
equal. For the case of 20% initial aqueous solution of
C141E5_nr, S* ~ 6% NaCl. Considering the HLD con-
stants for AEs listed in the algorithm of Figure 3, one
would calculate o64,, = 0.16"7-0.13*6-0.06"(25—
25) = 0.34. Similarly, for 10% Cq1E5 nr (S*~ 9%
NaCl) one would obtain o4, ~—0.05; for 5%
C11Es Nk (S*~12% NaCl) one would obtain
6app ~ —0.44; and for 2% C44Es nr (S* ~ 18% NaCl)
one would obtain oap, ~ —1.2.

To test the algorithm of Figure 3 against experi-
mental 6,pp values, first, the value of Kmy for the free
alcohol was obtained. Then the algorithm of Figure 3
was run assuming the UNIFAC correlation for Km,
where fl = 0.42. The fully predicted o,,, was then
compared with the experimental o,pp, values obtained
at 20, 10, 5, and 2 wt% initial aqueous surfactant con-
centrations. Three different levels of ethoxylation
were considered, 3 EO, 5 EO, and 7 EO, and two dif-
ferent distributions, one is a broad range
(BR) ethoxylation and the other is a narrow range
(NR) ethoxylation. The BR and NR terms refer to the
difference in the degree of polydispersity, which
depends on the type of catalyst used to conduct the
ethoxylation of the  alcohol (Rosen &
Kunjappu, 2012). The similarities and differences
between the predicted and experimental o, are
then discussed for the six surfactants considered. All
the experiments used n-heptane as the nonpolar oil,
NaCl as the electrolyte, and T = 25°C.

To further evaluate the bifunctional model for poly-
disperse AEs, the algorithm of Figure 3 is later

FIGURE 7 Phase inversion (optimal, S*) salinity of
systems prepared with 16 wt% CoEs as reference surfactant
and mixtures of C44 alcohol in heptane. The hydrophile—
lipophile balance (HLD)-predicted (solid) line was obtained

12% using the bifunctional model of polar oils with 6coes = —0.6,

0C11alcohol = 9.5, EACN1C11aIcoh0I = —20, Gmax,c11aiconol = 0.7,
Km,C11aIcohoI =0.53 M~
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combined with the HLD—net-average curvature (HLD—
NAC) model to predict “fish” phase diagrams of mix-
tures of monodisperse C45E4, C4oEg, and CqoEg that
Kunieda and Shinoda used to assess the fish phase
diagram of polydisperse systems (Kunieda &
Shinoda, 1985). To illustrate the step-by-step imple-
mentation of the algorithm of Figure 3, along with the
NAC implementation, Section Il of File S1 presents the
sequence of calculations associated with one of the
systems of Kunieda and Shinoda (1985).
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MATERIALS AND METHODS

Materials

AEs with BR and NR EO distribution C44E3 gr (~100%),
C11E5_BR (~100%), C11E7_BR (~100%), C11E3_NR
(~100%), C11E5_NR (""100%), and C11E7_NR (""100%)
were donated by ExxonMobil Chemical Company.
Figure 6 presents the EO distribution for each of these
surfactants, as reported by a third-party laboratory and
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FIGURE 8 Apparent sigma values (c4pp) for alcohol ethoxylates (AEs) with a broad range (a, C14E3_gr; ¢, C11Es_gr; €, C11E7_gr) and
narrow range (b, C411E3 nr; d, C11E5_nRr; f, C141E7 nR) ethylene oxide distribution versus AE weight fraction in water. Circles represent
experimental 64, from salinity scans. Triangles represent o5, values predicted with the segregation-bifunctional AE algorithm of Figure 3, and
the squares represent the partition-bifunctional model predictions. BR, broad range; NR, narrow range
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FIGURE 9 Ethoxymer (ethylene oxide) distribution of alkyl ethoxylate surfactants broad range (BR) and narrow range (NR) distribution in the
surfactant pseudophase before contacting with heptane (initial, circles), and after contacting a 2 wt% surfactant solution with heptane; calculated
based on the partition-bifunctional model (squares) and based on the segregation-bifunctional model (triangles)

obtained via high-temperature gas chromatography
(Silver & Kalinoski, 1992). The alcohol used to synthe-
size these surfactants was Cq4 alcohol (Exxal™ 11),
also donated by ExxonMobil Chemical Company. The
typical composition of C44 alcohol consists of 6.7% Cqq
alcohol, 87.0% C44 alcohol, and 6.3% C,5 alcohol, and
an average of 2.2 CHz— branches per chain.

Two reference AEs, previously used in the litera-
ture, were donated by BASF North America. These sur-
factants can be nominally represented as CgE,4
(Dehydol® OD4, ~100%) and C¢Es (Dehydol® ODS5,
~100%) (Zarate-Mufoz et al., 2016).

Heptane (299.5%) was purchased from Caledon
Laboratory Chemicals (Georgetown, ON). Reagent
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grade sodium chloride was purchased from Bioshop
Canada Inc. (Burlington, ON). All chemicals were used
as received.

Methods
Phase behavior: salinity scans

For surfactants C11E3_BR, C11E5_BR, and C11E7_BR, the
values of 6,5, Were obtained via salinity scans at differ-
ent temperatures using a high-throughput robotic sys-
tem through a third-party characterization facility
(Natali, 2019). The scans were conducted using NaCl
as the electrolyte, n-heptane as the oil phase, and
using each surfactant alone (i.e., no combinations with
reference surfactants). The aqueous-to-oil phase vol-
ume ratio was maintained at 1:1. The values of oapp
were calculated using the same method explained ear-
lier with the example of Figure 5, considering the tem-
perature at which the S* was obtained.

For surfactants C11E3_NR, C11E5_NR, and C11E7_NR,
the values of 6,5, were obtained in-house, using room
temperature (T = 25°C) salinity scans. To determine
the phase inversion (optimal) salinity, S*, salinity scans
were produced by mixing 5 ml of n-heptane (oil phase)
and 5 ml of the aqueous phase in 15-ml flat bottom test
tubes. Figure 5 presents an example of the salinity
scans for C441Es_nr. For C14E3_nR, being too hydropho-
bic to produce an S* at room temperature, salinity
scans were conducted with a mixture of 50 mol%
C141E3 nr and 50 mol% CgE, (reference surfactant).
The use of linear mixing rules in test + reference sur-
factant (including the reference surfactants employed in
this work) mixtures employed in determining ¢ (Cc) has
been cross-validated with several nonionic surfactant
systems (Zarate-Mufioz et al., 2016). Using the linear
mixing rule, capp mix = 0.5-6app,c11E3_NR + 0.5:6app caE4,
where oappmix is determined from the salinity scan
(illustrated for the scans of Figure 5). The value of
Oapp,cee4 Was determined via T = 25°C salinity scans
with 20, 10, and 5 wt% CgE4 and heptane, obtaining
values 6app cses Of —1.4, —2.1, and —3.3 at each of
these concentrations. No phase inversion was
observed with a 2 wt% CgEs—heptane system at room
temperature to obtain oapp cses. For C141E7_nr, this sur-
factant is too hydrophilic to produce an S* at room tem-
perature; thus, equimolar mixtures of Cq/E; ng and
C14E3_nr Were used to produce systems that experi-
ence salinity-induced phase inversion at room tempera-
ture, then capp,c11E7_NR = 26app,mix — Gapp,C11E3_NR-

It should be clarified that although Figure 5 shows
pictures where middle phases are identified (or at least
the closest salinity to a middle phase system) as the
points of inversion (S*), the reality is that one can obtain
several middle phase systems, depending on the step
used in the salinity scan. In the absence of middle

phases, a more representative value of S* was
obtained by fitting the entire salinity scan using the
NAC model, as described in the literature (Ghayour &
Acosta, 2019; Zarate-Mufioz et al., 2016).

Polar oil characterization for the C41 alcohol

Salinity phase scans were conducted at room tempera-
ture to obtain the Kmg value for the alcohol, using 16 wt
% CgoEs5 as reference surfactant and heptane as the oil
phase mixed with various volume fractions of the C44
alcohol. This is the same procedure used by Ghayour
and Acosta (Ghayour & Acosta, 2019, 2020). Figure 7
presents the phase inversion (S*) salinities obtained
with these systems as a function of the volume fraction
of C44 alcohol added to the oil phase. The method to fit
the polar oil (bifunctional) model to the S* versus alco-
hol content data has been described elsewhere

70 1 System B
30% C,,E,
+35%C,,E,
o0 - \i C12Fg
50 A ...:: o o———
840 -
o
3
s
3 30 -
g
=
20 - System A *eed
+15% Cy,Eq
0 1 1
0 0.05 0.1

Surfactant weight fraction (Xs)

FIGURE 10 Fish phase diagrams for mixtures of monodisperse
C42E4, Cq2Es, and C;Eg surfactants evaluated experimentally by
Kunieda and Shinoda (1985) (dashed line). The solid lines are the
phase boundary predictions obtained with the hydrophile—lipophile
balance (HLD)-net-average curvature (NAC) and the segregation-
bifunctional algorithm of Figure 3. An example calculation for

Xs = 0.02 is shown in Section Il of File S1
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(Ghayour & Acosta, 2019, 2020). In this case, the only
difference is that the fit of the bifunctional model required
various restrictions to be consistent with the algorithm of
Figure 3. Specifically, the bifunctional fit needs to use
6c11alcohol = 5.5 obtained from the linear group contribu-
tion, EACNc11aiconol = —20, and Qmax,c11aiconol = 0.7.
Therefore, the only adjustable parameter left to fit is
Km.c11aiconol- The fit (solid line) in Figure 7 uses K,
C11aiconol = 0.53 M~ which was used in the algorithm of
Figure 3 to predict o4, for the six AEs considered in
this work.

RESULTS AND DISCUSSION

Experimental versus bifunctional model
6app for broad and narrow range AEs

Figure 8 presents the experimentally determined apparent
sigma (o4pp) Values as a function of surfactant concentra-
tion for the six surfactant systems explored in this work.
Figure 8 includes the o4, predicted from the segregation-
bifunctional AE algorithm of Figure 3, with the Langmuir
Km constant estimated using Equation (A4), Knj<7 =
Kmo-10™) with Kmg = 053 M~" and fl = 0.42. The
results from the partition-bifunctional model are also dis-
played in Figure 8. The predictions from the partition-
bifunctional model used the calculations of Section |
of File S1, and Equations (A.6) through (A.10) and
Equations (A.13) through (A.15) of the algorithm of
Figure 3.

Before discussing the predictions, let us compare
the experimental trends. BR AEs show greater depen-
dence of o4, With surfactant concentration as com-
pared to narrow-range AEs. Similarly, lower average
EO numbers tend to produce greater o5, dependence
on surfactant concentration. These trends are consis-
tent with the partition concept illustrated in Figure 2,
specifically that systems with more hydrophobic com-
ponents (C,E; with j = 0, 1, 2, and 3) will experience
more partition and changes in oil composition and inter-
face composition.

The trends observed in the experiments are also
reflected in the predictions of the segregation-bifunctional
and partition-bifunctional models. According to Figure 8,
the partition-bifunctional model seems, in principle, accu-
rate for C44E3 surfactants; however, the heptane—water
partition coefficient of C44 alcohol had to be adjusted to
10*° to get a suitable approximation to all the experimen-
tal data. This adjusted partition coefficient is close to a
value estimated for C,¢ alcohol between water and isooc-
tane (10*%) obtained from the thermodynamic analysis of
Ghoulam et al. (2002). For the case of the segregation-
bifunctional model, no value was adjusted. The value of
Kmg used in the algorithm of Figure 3 was found indepen-
dently via the polar oil study in Figure 7; thus, the
segregation-bifunctional model is fully predictive. The

segregation-bifunctional model does a reasonable pre-
diction of the apparent sigma for C44Es and C44E7
surfactants. The average deviation obtained with the
partition-bifunctional model is 0.43 units of sigma, and
with the segregation-bifunctional model is 0.47 units of
sigma. The accuracy of the two versions of the bifunc-
tional model is directly connected to the predicted
ethoxy group distribution after contact with the oil
phase, presented in Figure 9.

Figure 9 presents the ethoxymer distribution in the
surfactant pseudophase before (initial, measured via
GC) and after adding heptane to a 2 wt% surfactant
solution where the distribution was predicted via the
bifunctional model (partition and segregation versions).
Logistical limitations prevented us from measuring the
final EO distribution. Zarate-Mufioz et al. (2015)
obtained the final EO distribution after contacting CgEs5
and C43Eg with decalin (EACN ~6.3) and noted that in
both cases, the signals for ethoxymers j = 1, 2, 3 were
missing or barely noticeable, consistent with the curves
in Figure 9.

Graciaa et al. used a version of the partition model
(same three-compartment balance used in our work,
just a different set of partition expressions and method
of solution) to determine the EO in the surfactant
pseudophase (Graciaa et al., 1983). In their work, they
observed that an NPE ethoxylate with an average of
five EO units (NPE5) when set in contact with isooctane
then produced a shift in the peak distribution to about
six EO units, which was consistent between measure-
ments and model prediction. However, compared to the
measured distribution after contacting the oil, the parti-
tion model appears to have overpredicted the removal
of NPE1, NPE2, and NPE3 from the surfactant
pseudophase. This observation is consistent with the
trends observed with the partition model distributions
shown in Figure 9. For C11E3_BR and C11E3_NR, at least
when compared to the segregation model, the partition
model seems to overpredict the removal of C4E, to
C41Es ethoxymers. One must keep in mind that the dis-
tribution is largely dependent on the value of the oil-
water partition coefficient for the alcohol (Kyn). Using
lower values of this partition constant leads to an
increase in the content of C44E, to C4141Es5 in the sur-
factant pseudophase, especially for the C11E3gr and
C41E3.nr surfactants. Overall, the general shape of
the segregation model distribution is consistent with
the partition model, except that the segregation
model tends to produce a small discontinuity around
C44E7 because this is the cutoff point for the non-
partitioning species. Despite this small discontinuity,
the predictions are useful to understand the trends in
changes of composition. A preliminary version of the
segregation model used a cutoff point of C4Eg for
nonpartitioning species, and in that case, large dis-
continuities in the EO distributions were observed
around Cq4Eo.
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Predicted fish phase diagrams with
HLD-NAC and the bifunctional AE model

Fish or phase map diagrams are useful to determine
the proximity of a formulation to the phase inversion
and the potential effect that dilution might have on the
system’s phase behavior or in the system’s solubiliza-
tion capacity (Yuan et al., 2010). Kunieda and Shinoda
explored the role of polydispersity on the location and
shape of the fish phase diagram. These researchers
used mixtures of monodispersed C ,E4, C42Eg, and
C42Eg to simulate polydisperse products and generate
fish phase diagrams (Kunieda & Shinoda, 1985). In this
work, we combined the segregation-bifunctional model
with the HLD-NAC model to compare predicted fish
phase diagram boundaries with the experimental
boundaries determined by Kunieda and Shinoda. To
undertake this simulation, the initial composition set by
Kunieda and Shinoda was used as an input. The value
of Kmy, o was approximated to Kmq; o = 0.53 M.
Section Il of File S1 has a step-by-step example of the
implementation of the segregation-bifunctional model to
calculate the HLD values and the application of the
NAC equations to determine the temperature phase
boundaries.

The phase boundaries of SOW systems from
surfactant 4 solubilized oil in water (o/w) or Type |
microemulsions (uEs), to bicontinuous Type IlI
(3 phases) or Type IV (1 phase) pEs, to surfactant
-+ solubilized water in oil (w/o) or Type Il uEs, can be
estimated using the NAC model. According to a simpli-
fied form of the NAC model, the HLD,_;, and HLD,_y,
boundaries are as follows (Acosta, 2020):

1 1
HLD_y =2L (RW,max - E) (2)
1 1
HLDy_y=2L(=-— 3
=2 () Q

where L is the surfactant tail length parameter, esti-
mated as 1.4*extended tail length (Acosta, 2008). For a
linear C4, surfactant, L = 23 A (Acosta & Sundar,
2019). The term ¢ is the characteristic length or maxi-
mum solubilization capacity of the pE system. For pEs
produced with linear monodisperse C,E; and n-alkanes,
the characteristic length can be estimated as ¢ =
67 A-e®4MI(EACN.j) (Acosta, 2008). The oil used in
the work of Kunieda and Shinoda was n-heptane
(EACN = 7), the surfactant had a Cq, (n = 12) tail. As
illustrated in Section Il of File S1, the value of the char-
acteristic length for the mixture was determined with
the known composition of the surfactant pseudophase
(Xj), and the characteristic length that corresponds
to each ethoxymer () such that & = X(£)*(X)). The
last terms needed for Equations 2 and 3 are the

solubilization radii of the entire oil (Romax) and the
entire aqueous phase (Rw max) in the system. The radii
can be calculated as Ro max = 3:(Vs/as)polps and Ry,
max = 3-(Vs/as)pwl/ps. Kuneida and Shinoda used an
oil/water weight ratio of 1:1, and the surfactant concen-
tration was expressed as mass fraction of the entire
system (xs). To calculate volume fractions of surfactant
(ps), 0il (po), and water (pw) in the entire system, for a
given surfactant weight fraction in the entire system
(xs), the densities of water and surfactant were both
taken as 1g/ml, and the density of heptane as
0.68 g/ml. The term vg/ag is the ratio between the vol-
ume and interfacial area of a surfactant molecule. The
values of (vs/ag); for each ethoxymer were obtained
from their molecular weight, density (1 g/ml), and the
surfactant area per molecule obtained from Rosen’s
tables (Rosen & Kunjappu, 2012) and listed in
Section Il of File S1. For the entire surfactant
pseudophase, (vs/as) = ZX*(vs/as);.

To undertake the prediction of the fish phase dia-
gram, for a given xs, then ¢s, 9o, ¢w, Rw,max, and
Ro,max are calculated, and given the values of the other
terms in Equations 2 and 3, then HLD|_||| and HLD|||_||
are calculated. To use the bifunctional AE algorithm of
Figure 3 to find o4pp, the composition of the initial mix-
ture and ¢s were used to obtain the initial aqueous con-
centrations C,;, considering that the water-to-oil volume
ratio is nyo = 0.68 (from water/oil weight ratio = 1/1
and the densities of the two phases). With the HLD
boundaries (HLD,_; and HLDy_;) and o4pp, the bound-
ary temperature can be calculated from Equation (1) as
7-boundary = (HLDboundary + KEACN — Oapp — bS)/
cr + 25°C. Using the k, b, and cr values listed in the
algorithm of Figure 3, and considering that Kunieda
and Shinoda used heptane as oil (EACN = 7) and did
not report any salt addition (S = 0), the boundary tem-
peratures (-1l and llI-IlI) were calculated as a function
of Ps.

Figure 10 summarizes the prediction of the HLD-
NAC + segregation-bifunctional model, represented by
solid lines, and the experimental boundaries obtained
by Kunieda and Shinoda for systems A (70 wt% C15E4,
15 wt% C12E6, 15 wt% C12E3) and B (30 wt% C12E4,
35 wt% C45Eg, and 35 wt% C45Es), represented by dot-
ted lines. Overall, the experimental trends are repre-
sented by the predictions, including the curvature of the
boundary lines. The average deviation between the
predicted and experimental transition temperatures for
both systems is 3.5°C, which is equivalent to about
0.06*3.5 = 0.21 HLD units, which can be interpreted as
0.21¢ units. The predicted cross or “X” point between
Il and IV pEs for systems A and B occurs at higher sur-
factant concentrations than those observed in the
experiments. This means that the estimated character-
istic lengths (&) are smaller than the experimental ones.
This deviation is likely associated with the surfactant
C12E4 serving as a lipophilic linker known to increase
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the characteristic
Acosta, 2019).

length of pEs (Ghayour &

Practical implications and areas for future
research

The issue of alkyl ethoxylates partitioning into the oil and
its impact on the hydrophobicity of the surfactant
pseudophase was identified and studied in the early
1980s (Graciaa et al., 1983; Harusawa & Tanaka, 1981;
Kunieda & Shinoda, 1985). However, finding a way of
accounting for oil partitioning or predicting its impact has
become an emerging issue in the implementation of the
HLD and the HLD-NAC frameworks. Recent industry-led
presentations at American Oil Chemists Society (AOCS)
meetings have introduced experimental and modeling
approaches to account for these effects and their impact
on surfactant formulation (Dado & Lang, 2021;
Ghayour, 2021; Natali & Acosta, 2021). There are now
clear connections between phase inversion conditions
(HLD = 0) and the performance of formulations in deter-
gency (Phaodee & Sabatini, 2020; Raney et al., 1987;
Raney & Benson, 1990; Saito et al, 1985;
Thompson, 1994; Tongcumpou et al., 2003); the perfor-
mance of formulations used to decontaminate oil-
impacted soils (Acosta & Quraishi, 2014; Childs et al.,
2005; Kibbey & Chen, 2008; Quraishi et al., 2015); the
performance of phase inversion methods to produce
nanoemulsions (McClements, 2011; Solans et al., 2005);
the performance of demulsifiers (Rondén et al., 2006);
the formation and breaking of emulsions (Kiran &
Acosta, 2015); the formulation with fragrances (Bouton
et al., 2009; Tchakalova & Fieber, 2012); the formulation
of skin cleaning products (Acosta, 2020), among many
others. The connection between the phase inversion
conditions and optimal enhanced oil recovery is well
known and covered in the classic textbook of Bourrel
and Schecter (1988).

The increasing evidence of the practical use of the
HLD and HLD—NAC frameworks has prompted more fre-
quent requests for values of sigma from surfactant man-
ufacturers. However, what value of sigma (determined at
oil/water ratios ~1) could an alkyl ethoxylate manufac-
turer provide if the value depends on the surfactant con-
centration used in the aqueous formulation? This work
provides various ways of answering that question. The
first answer is that the important concentration is the oil-
equivalent concentration after discounting for the CMC.
For example, if a surfactant is used at a concentration of
0.1 wt% in water, and the mixed CMC is 0.01 wt%, and
1 kg of the aqueous formulation is contacted with 10 g of
oil, then the oil-equivalent concentration is (0.1-0.01
wt%)*1000 g/10 g ~ 9 wt% of equivalent concentration
in the oil. If the oil content in the system is 100 g instead,
then the oil-equivalent concentration is 0.9 wt%. In the
first case, a sigma value obtained at about 9 wt% of

surfactant is relevant, but in the second case, a sigma
value obtained at 0.9 wt% is the relevant one.

The second implication of this work is that if the
surfactant has a low free alcohol content and low
content of E4 to E5 ethoxymers, then the sigma value
is expected to be largely independent of surfactant
concentration. Thus, alkyl ethoxylates with an aver-
age ethoxy group number of 7 or more are less
likely to experience concentration-dependent sigma
values.

The third implication of the work is that the
concentration-dependent values of sigma can be esti-
mated from the ethoxy group distribution of the poly-
disperse alkyl ethoxylate, which can be determined
using gas or liquid chromatography. This concentra-
tion dependence is a function of the oil used. When
using the segregation-bifunctional model, the effect
of oil can be accounted for by repeating the experi-
ment of Figure 7, but in the presence of the oil of
interest, and obtaining the value of the segregation
constant for the alcohol (Kmg). Once this value is
obtained, and with known ethoxy distribution, the
entire values of sigma versus concentration can be
predicted. If one wants to use the partition-
bifunctional model, the challenge is to obtain a good
estimate for the oil-water partition coefficient of the
alcohol (Kow). If the oil phase is well characterized,
perhaps the value could be estimated using thermo-
dynamic models like UNIFAC. K, could be mea-
sured using chromatography or other analytical
techniques to detect alcohol concentration in the oil
phase. If access to instrumentation or to a thermody-
namic model validated for the oil of interest is limited,
then the segregation-bifunctional model is a more
accessible route because it only needs the phase
scan study shown in Figure 7.

The combination of the segregation-bifunctional and
NAC predicts pE phase boundaries for mixtures of alkyl
ethoxylates that deviate, on average, about +0.2 HLD
units from the experimental values. When considering
polydisperse alkyl ethoxylates, both the segregation-
bifunctional and the partition-bifunctional models predict
the values of sigma that are within 0.5 sigma units of
the experimental values. The reader is warned that, in
practice, the predicted ¢ should be used to narrow down
the surfactant selection and the experimental conditions
used to test/validate candidate formulations. Around the
phase inversion, a +0.5 uncertainty in ¢ is significant
because in the —0.5 to +0.5 HLD range, there are sub-
stantial changes in system properties, for example, inter-
facial tension and emulsion stability can vary by orders
of magnitude.
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