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ABSTRACT

5973017063: Petroleum Technology Program
Woramet Chanachichalermwong: Development of Group-
Contribution Models for Use in Surfactant Selection — Case Studies
of Single and Mixed Surfactant Applications.
Thesis Advisors: Asst. Prof. Uthaiporn Suriyapraphadilok and
Dr. Ampira Charoensaeng 331 pp.
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lipophilic deviation/ Krafft Point/ Microemulsion

Microemulsion is the surfactant/oil/water system that is applied to many
applications such as enhanced oil recovery, cleaning agents, environmental
remediation and drug delivery system. To select the suitable surfactant to form an
efficient microemulsion system for each specific condition and application, a
systematic selection method is needed to reduce time and valuable resources that may
be required in the design of an interest product. This work developed a systematic
method to select suitable surfactants for a specific application based on several
properties including but not limited to types of emulsion, emulsion stability, solubility
and toxicology. Since not all models are available in the literature, this work developed
properties models based on the molecular structure of the surfactants by using the
concept of Group-Contribution (GC) based on Marrero and Gani method. One
important key of surfactant properties for Hydrophilic-Lipophilic property through an
Hydrophilic-Lipophilic Deviation (HLD) equation is the characterictic curvature (Ce)
that indicates the hydrophobicity or hydrophilicity of a surfactant based on their
molecular structure. This work developed the GC-model for prediction of
characteristic curvature of anionic and nonionic surfactants to use in the HLD equation
to aid in the design of surfactant formulation. Krafft point—another key property to
indicate the solubility of anionic surfactant, was also modeled based on the GC
concept. The application of this work was performed through case studies in the fields

of enhanced oil recovery, soil remediation and detergency.
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CHAPTER1I
INTRODUCTION

Microemulsion is the surfactant/oil/water system that is applied to many
applications such as enhanced oil recovery, cleaning agents, environmental
remediation and drug delivery system. From the industrial development, surfactants
are developed with many types and structures such as internal olefin sulfonate (IOS)
or extended surfactants. There is a wide space of surfactant choices. The challenge is
how we select the suitable surfactant for use in specific application. To select the
suitable surfactant to form an efficient microemulsion system for each specific
condition and application, a systematic selection method is needed to reduce time and
valuable resources that may be required in the design of an interest product.

For the use of surfactant, the surfactant properties estimation is used for
developing methodology of surfactant screening, based on group contribution concept
by Marrero et al. (2001). This model was applied to hydrophilic-lipophilic difference
(HLD) equation to predict type of emulsion along with other properties and criteria to
screen and select the suitable surfactants for a specified case study.

Finally, all of results were compared with experimental results and the case
studies from literatures were used to verify the selection methodology. Case studies
included several applications that are related to microemulsion such as EOR,
detergents and soil remediation. The accuracy of all models were identified to make

the strong reliability of this work.



CHAPTER 11
LITERATURE REVIEW

This part demonstrates an overview of literature related to enhanced oil
recovery with focusing on surfactant flooding in chemical process including the
limitation and researches for solutions, explains the fundamental correlation for
predicting the hydrophilic and lipophilic quality of surfactant in enhanced oil recovery,
which is hydrophilic-lipophilic difference (HLD) and mentions the use of group
contribution model to estimate the chemical properties for overcoming the limitation

of surfactant flooding and receiving the method to select surfactant for EOR.

2.1 Enhanced Oil Recovery

From the demand of energy consumption and the limited resource of natural
crude oil, the techniques for oil production are needed to respond the continuously
increasing energy demand of the world. Typically, the primary oil production, called
primary oil recovery is the production of hydrocarbon by natural force owing to
pressure difference between the production well and reservoir. Oil recovery can be
divided into three levels: primary recovery, secondary recovery and tertiary recovery
(Sultan et al., 2010). Primary recovery is the first step that oil can be produced by
natural force of the reservoir with recovering 5-30 percent of the original oil in place
(OOIP). Then, the secondary oil recovery is usually applied after the primary recovery
has ceased or no more economically gain. The secondary oil recovery can recover up
to 20-35 percent of the OOIP. Tertiary recovery, or enhanced oil recovery (EOR), can
produce oil up to 30-60 percent of the OOIP or more (Elmofty, 2012).

EOR techniques have long been developed by many researches. Typically,
this oil recovery step covers the injection of specific substances as the fluid into the
reservoir, such as chemical and microbial. The injection fluid will displace crude oil
and push it through the production well. The key purpose of the EOR process are to
control interfacial tension, the wettability, pressure gradient and fluid properties to
mobilize the remaining crude oil. (Nagy ef al., 2015). From the development of the

technology, there are a number of techniques for enhanced oil recovery that can be



briefly classified into 4 types: chemical flooding, thermal oil recovery, gas injection,
and microbial oil recovery (Ahmadi et al., 2014) as shown in the Figure 1. The
significance of selecting the best recovery method is to give the largest amount of
profit (Taber et al., 1997). This work focused on the surfactant flooding that is one of
the sub-types of chemical flooding.

Figure 2.1 Classification of EOR methods (Bera ef al., 2014).

2.2 Surfactant Flooding

Surfactant flooding is the one of the effective enhanced oil recovery
techniques, which is one type of chemical flooding. It has been found that chemical
flooding can significantly improve oil recovery by microscopic displacement of oil
remaining in the fine pores of the reservoir rock after water flooding or secondary oil
recovery (Jeirani et al., 2013). The injected chemicals are surfactant, alkali and/or
polymer. Surfactants injection has been regarded as the potential chemicals in
enhanced oil recovery since 1970s because of their capabilities to reduce interfacial
tension (IFT) and altering the wettability of reservoir rocks (Ahmadi et al., 2014,
Kumar et al., 2016). This work will mainly focus on the interfacial tension capability

of the surfactant flooding technique.



First of all, there are two main variables for considering the efficiency of
enhanced oil recovery techniques: capillary number and mobility ratio (Sofla et al.,

2016). The capillary number is defined as follows:

Ne = —— Eq. 2.1
Capillary number is the variable that related to the residual oil saturation (see
Equation 1) where N. is the capillary number, u is the Darcy velocities, u is the
displacing fluid viscosity, o is the interfacial tension between water and oil, and 8 is
the contact angle. The higher capillary number is preferred. From the equation,
surfactant can lower the o (or IFT) by generating microemulsion. There is the preferred
condition for EOR (Sheng, 2015). Another variable is mobility ratio. The mobility
ratio for EOR is the relationship of relative permeability of water to oil ratio (see
Equation 2)
__ _Hskp(Sor) Eq.2.2

Upkrps(Swe)

where M is the mobility ratio, u is the viscosity of saturated phase (subscribed
S) and displacing phase (subscribed D), k,pS,, is the relative permeability of
displacing fluid at the residual oil saturation, and k,psS,,c1s the relative permeability
of oil at the immobile water saturation (Muggeridge et al., 2014). Surfactant injection
can improve the mobility ratio by removing the residual oil, also increasing the oil
permeability and decreasing the water permeability. Simultaneously, the I[FT becomes
lower in this point and the movement of oil is more effective (Sheng, 2015).

Microemulsion, the key of successful mechanism for chemical flooding in oil
recovery process, is introduced to the surfactant flooding because of capability of
extraction efficiency by reducing oil-water IFT (Bera et al., 2014). The fluid that 1s
normally insoluble together can disperse in another fluid by adding surfactant. The
microemulsions consist of at least three phases: polar phase, non-polar phase and
surfactant phase, as shown in the Figure 2. The microemulsion can simply be divided
into two types: oil-in-water microemulsion (O/W), or called micelle structure and
water-in-oil microemulsion (W/O), or called reverse micelle structure (Malik et al.,

2012).



Oil-in-water microemulsion (o/w) Water-in-oil microemulsion (w/o0)

Figure 2.2 Typical structure of microemulsion: microemulsion for oil-in-water (O/W)

and reverse microemulsion for water-in-oil (W/O) (Malik et al., 2012).

The Winsor type system is studied for the systematic approach to select the
surfactants for microemulsion formation. In Figure 3, there are three types of the
Winsor microemulsion systems. First starting at low salinity, Winsor type I (oil-in-
water, O/W) microemulsions are formed when oil is solubilized in water. When the
salinity is increased, the solubilization of the microemulsion is increased. Until a
certain point, microemulsions are changed to Winsor type III (middle-phase) system
which is the lowest interfacial tension system. As the salinity increased, the system is
converted from the middle-phase to Winsor type II (water-in-oil, W/O) system and at
this point water is solubilized in oil. By the reasons, salts can increase the tendency of
the surface active substances to collect at the interface and reduce the interfacial
tension (Baran, 2001, Kumar et al., 2016). In this work, Winsor type I1I microemulsion
is considered because of the lowest interfacial tension in this point. Low interfacial

tension can increase the solubility of water and oil and make the better attraction



between two phases. It is important in several applications such as detergency,
cosmetics use, organic contaminated soil remediation, drug delivery system (Chen et

al.,2007) and EOR process (Sandersen, 2012).

Figure 2.3 Winsor-Type microemulsion system, Winsor type I is O/W, Winsor type
11T is the middle phase and Winsor type Il is W/O (Pan et al., 2010).

However, there are some limitations of surfactant flooding. The formation of
microemulsions may plug the pore, adsorb in the reservoir rock and then lose the high
amount of surfactant in the reservoir rock. Consequently, high quantity of surfactant
is needed. Meanwhile, the costs of synthetic surfactants are expensive. Also, this point
became the major limitation in cost of surfactant and this technique has been
considered uneconomical for investment (Ahmadi et al., 2015, Sofla et al., 2016).

To overcome the limitations, mixing surfactant with co-surfactant and co-
solvent in the surfactant flooding is one of the alternative solutions to make better
efficiency and reduce the investment cost (Taber ef al., 1997). For example, some
fields solved the problems by using alcohol to improve phase behavior and controlling
the quantity of brine to increase solubilization of oil and water in microemulsion or
by the use of co-surfactant to adjust the mobility control (Jones et al., 1976), especially
mixture of anionic and nonionic surfactant (Lu et al., 2012). The significance of
blending surfactant with others is considered as the synergistic effect. Synergistic
effect is specified as a condition that the properties of a mixture are better than those
of'individual component alone. As previously mentioned, the mixing of surfactant with

other chemicals both surfactant and alcohol can reduce the interfacial tensions and



critical micelle concentrations (CMC) better than using single surfactant (Trawilska et
al., 2016). Nevertheless, the use of alcohol has some disadvantages since alcohol
decreases the solubilization of oil and water in microemulsion and slightly increases
the minimum IFT achieved by the surfactant flooding (Hirasaki et al., 2011). Also, the
trend of using alcohol as co-solvent has decreased while there is a wide interest in
using co-surfactant.

Another solution is related to numerous screening methods, for examples, the
use of combined evaluation correlation for selecting nonionic surfactants for EOR
applications (Nagy et al., 2015), the correlation of bulk foam stability and core-flood
experiment (Jones et al., 2016) or the chemical property model for selecting a suitable
the surfactant in any applications such the cloud point group-contribution model of
nonionic surfactant (Mattei et al., 2014). This solution approach is widely used until
now.

Conclusion, the surfactant flooding is one of the dominant and effective EOR
methods but this process is limited to the high cost of surfactant. So, the surfactant
selection is needed to find the most suitable surfactant for reducing cost and improving
the efficiency for EOR applications (Nagy et al., 2015). There is a need to investigate
the best methodology to select surfactants from the many available choices, including

the combination of co-solvent or co-surfactant with the main surfactant.

2.3 Features of Surfactant

2.3.1 Definition and Structure

Surfactants are chemical compounds that consist of two parts: head and
tail. The head of surfactant contains polar structure that is hydrophilic part and the tail
of surfactant composes of non-polar structure that is hydrophobic part (see Figure 4).
The combination of these two parts makes the surfactant soluble in both aqueous and
oil phase (Najafi et al., 2017). Generally, surfactant can be divided into four main
types: anionic, cationic, nonionic and zwitterionic surfactant. Each type of surfactants
is based on their association during dispersion in water (Sofla et al., 2016). Anionic
surfactant has negative charge in its head part, while the cationic surfactant contains

positive charge. Nonionic surfactant has no charge in the head part and zwitterion



surfactant has both negative and positive charges in the head part. The summary table
of surfactant mechanism in EOR applications in each type is shown in the Table 1 and
the commonly used surfactant for EOR is shown in Table 2. The cationic surfactants
are only one that can change the wettability of rock with the adsorption on the surface,
but they are still in the research scale. Anionic and nonionic surfactants are usually
employed in EOR such as alkyl sulfate, Tweens, Spans etc. and cationic surfactant is

used in a few areas (Negin et al., 2017).

Hydrophilic head group Lipophilic hydrocarbon tail Water
(polar part) group (nonpolar part)

Figure 2.4 Simple structure of surfactants (Sandersen, 2012).

O,Na

SONa *g:\ Ethoxyl groups

j— (EO)
\ Propoxyl groups/ &

(PO)
Hvdrocarbon >

@ (b)

Figure 2.5 Example of extended surfactant structures (a) R-(PO)x-SO4Na, (b) R-
(PO)y-(EO2)-SO4Na (Witthayapanyanon et al., 2008).



Table 2.1 Summary mechanism of using in each surfactant type in EOR applications

(Negin et al., 2017)

Types Advantages Mechanism

Anionic | Mostly use, effective in sandstone Reducing IFT

Use as co-surfactant, not highly effective

Nonionic | compared to other types, tolerate for hard Reducing IFT
water
o Stable solution in brine, effective in Reducing IFT and
Cationic . - ‘
carbonate reservoir Wettability alteration

Table 2.2 Examples of surfactants that used in EOR applications (Negin ef al., 2017)

Types Common use in surfactant EOR process
Anionic Alkyl Aryl Sulfonates, Alkyl Benzene Sulfonate, Alkyl Sulfate,
surfactant N-Ethoxy Sulfonate, Sodium Dodecyl Sulfate, Alcohol Propoxy

Sulfate, Alpha-Olefin Sulfonate, Alpha-Olefin Sulfate, Alkyl

Ethoxy Sulfate, Sodium Petroleum Sulfonate, Gemini Anionic

Surfactant
Nonionic Alkyl Ethoxy Carboxylated, Alkyl Polyglycoside, Neodol,
surfactant Tweens, Spans, Tridecyl Alcohol, Triphenylmethane
Cationic Cetyl Trimethyl Ammonium Bromide, Dodecyl Trimethyl

surfactant Ammonium Bromide, Ethoxylated Alkyl Amine
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For the research and development of surfactant technology, the
chemical groups are added to conventional surfactants as intermediate polarity
molecules, called extended surfactant, such as polyethylene (EOs group) and/or
polypropylene oxide groups (POs group) (Witthayapanyanon et al., 2008). The
additional groups can improve the surfactant properties to achieve ultralow interfacial
tension, lower optimal salinity and higher solubility from extending the tail of
surfactant (see Figure 5). So, these surfactants are currently used in many applications

(Witthayapanyanon et al., 2006).

2.3.2 Important Properties of Surfactants

2.3.2.1 Critical Micelle Concentration
Critical micelle concentration (CMC) is the concentration at
which the surfactant molecules start to self-associate with others to form micelle or
reverse micelle structure. This CMC depends on the specific surfactants (Lavkush
Bhaisare ef al., 2015). There are some tools that are used for predicting the CMC of
each surfactant. Group-contribution model is one of many tools that can predict the
CMC value by considering the chemical group of surfactant structures (Mattei et al.,
2013). This model will be discussed in later part.
2.3.2.2 Interfacial Tension
Interfacial tension (IFT) is a property of two immiscible phases
(condensed phase), considered as the free energy per unit surface area. This property
is important to many fields such as enhanced oil recovery, water quality in aquifers,
and stability of emulsion (Andersson et al., 2014). For the EOR application, the factors
that affect to the interfacial tension between polar and non-polar phase are oil
composition, surfactant concentration, solvent concentration, water-oil ratio, salinity
and divalent ions, and operating conditions. However, the major parameters that affect
the interfacial tension are surfactant concentration and salinity of the system. Higher
surfactant concentration can lead to lower interfacial tension of the system while the
lowest interfacial tension occurs at certain salinity, called optimal salinity (Sheng,

2015).
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2.3.2.3 Solubility

The solubility is significant for indicating the microemulsion
of surfactant. The total surfactant solubility does not only depend on monomer
structure, but also on the micelle solubility. Solubility of a surfactant differs in ionic
and nonionic surfactants. The solubility of ionic surfactant increases with increasing
temperature. In contrast, nonionic surfactants typically consist of ethoxylate groups
whose solubility is lower with increasing temperature. These different mechanisms
will affect other properties (Li ef al., 2005, Ahmadi et al., 2014, Zarate-Munoz et al.,
2015).

2.3.2.4 Krafft Point and Cloud Point

Krafft point is one of the important properties of ionic
surfactants. For ionic surfactants, the solubility increases with temperature. So, that is
at a temperature below the Krafft point, the surfactant is a useless solid or in other
words, when the temperature decreases below this point, the concentration is below
the surfactant critical micelle concentration and the solubility is confined (Li et al.,
2005).

For nonionic surfactants, the characteristic property that is
related to the temperature is cloud point. At this point, the surfactant separates from an
aqueous phase and solution becomes opaque because of the weakening of hydrogen
bonds between molecules of surfactant and water and the strengthening of attraction
force among surfactant tails. So, when the temperature increases, the solubility of a
nonionic surfactant will decrease and cloudy solution will occur. When using nonionic
surfactant, a higher cloud point is desired to avoid phase separation (Zarate-Munoz et
al., 2015). Instance, the prediction model for cloud point property of nonionic
surfactant is can be predicted by the group contribution model (see Eq. 2.11) in the

following part.

2.4 Hydrophilic-Lipophilic Difference (HLD)

Hydrophilic-lipophilic difference (HLD) is a fundamental correlation of

thermodynamically formulated equation to explain microemulsion system. This

equation is first proposed by Salager et al. (1979). Not only the potential of transferring
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surfactants from oil phase to aqueous phase, but also the balances of each parameter
(temperature, oil, water and salt) for the oil-water-surfactant system are included in the
correlation. In addition, HLD can determine the optimum formulation of a system
involving with various alcohol and divalent ions (Salager et al., 1979, Acosta et al.,
2012, Budhathoki et al., 2016). The HLD equations for ionic and nonionic surfactants

are expressed in Eq. 2.3 and Eq. 2.4, respectively (Castellino et al., 2011):

For ionic surfactants,

HLD = In(S) - K*EACN — f(A) — 0AT + C. Eq. 2.3

For nonionic surfactants,

HLD = b(S) —- K*EACN —(A) + cAT + Cen Eq. 2.4

where In(S) and b(S) are the function of salinity concentration in the aqueous phase in
g/100mL; b is the constant for nonionic surfactants; K is the slope of the logarithm of
optimum salinity in range 0.1 to 0.2 and it is an indicator of surfactant properties (head
part); EACN is the equivalent alkane carbon number which depends on the nature of
oil; the function f(A) and ¢@(A) are the alcohol function depended on type and
concentration of additional alcohol; the variables a and c are the temperature
coefficient at optimum salinity condition; AT is the temperature difference from a
reference temperature (typically 298 K); and C. and Ce, are the characteristic curvature
that is explained intensively in a later part.

The HLD value is related to the Winsor type of microemulsion. The negative
HLD value indicates the Winsor type I (O/W). For HLD of zero value, it is classified
as the Winsor type III (middle phase microemulsion). And the positive value of HLD
indicates the Winsor type II (W/O) (Jin et al., 2015). The phase transition of
microemulsion from Winsor type I to type III and continually to type II is occurred
together with the shift of a negative HLD value to a positive value (Castellino et al.,
2011).

For the HLD application, sometimes, the mixtures of surfactants are
employed with synergistic effect both the mixture of ionic-ionic surfactants and the

mixture of ionic-nonionic surfactants. Acosta et al. (2008a) reviewed the HLD
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equation of mixed surfactant systems. Eq. 2.5 represents the HLD calculation for ionic-
ionic surfactant mixtures and Eq. 2.6 is the HLD calculation for ionic-nonionic

surfactants (Acosta et al., 2008a):

HLDpix = Xi(HLD)) + Xo(HLD,) Eq. 2.5
HLDpmix = Xi x HLD; + Xpi x HLDyi + Ggx/RT Eq. 2.6

where HLD; and HLD; are the HLD value of surfactant 1 and 2; X; and X, are the
molar fractions of each surfactant; subscripts i and ni represent ionic and nonionic
surfactant, respectively; and Gex/RT is the term of excess free energy normalized by
RT.

In the application of HLD equation, the estimation of parameters in HLD
equation is determined. Some of researchers proposed the use of a mathematic model
to predict the value corresponded to HLD equation. However, there are still less
models to predict the characteristic curvature values of surfactants. One of a few works
is the C. model developed by Acosta (2008) is explained below.

For the characteristic curvature (C. or Ccn), a negative value is defined as a
hydrophilic surfactant while a positive value is defined as a lipophilic surfactant. It is
important to imply the characteristics of surfactants since it is related to the type of
micelle forming in the oil-water-surfactant system (micelle or reverse micelle)
(Hammond et al., 2011).

One of the examples of simple equation for predicting C. was developed by
Acosta (2008). His work used the phase inversion temperature (PIT) to examine the
Cen parameter. Eq. 2.7 shows the correlation of C. value of nonionic surfactants that
followed the linear relationship with the number of carbon atoms in the surfactant head

and tail (Acosta, 2008):

Cen = 0.28 x Ncs + 2.4 — NEs Eq.2.7

where Ncs is the number of carbon in hydrophobic tail of a surfactant and Ngs is the

number of ethoxylate groups in hydrophilic head of a surfactant.
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The prediction of C values developed by Acosta (2008) is limited to nonionic
surfactants with ethoxylate groups. It is of interest to explore a more generic model to
predict the C. property of ionic and nonionic surfactants. Group contribution method
is a powerful tool to predict a property of chemical substances based on their structure.
One of the objectives in this work is to develop the C. model based on Marrero et al.
(2001) group contribution model (see topic 2.5) for extending the C. group
contribution model developed by Acosta (2008).

2.5 Group Contribution Model (GC Model or GCM)

In the screening or selecting of the suitable chemicals for any processes, the
property estimation methods are needed for the fast and accurate design to match the
property needed for a certain application. Typical compounds in industry or other
fields are often limited to the available experimental data for a large number of organic
compounds that are produced. Knowing the chemical properties of organic compounds
is a preliminary step to select the most appropriate chemicals for the desired task. There
are many methods for predicting properties of chemical compounds such as
Quantitative property-property relationships (QPPRs), Quantitative structure-property
relationships (QSPRs), and Group contribution models (GCMs) (Reinhard et al.,
1998). This work focuses the Group contribution method which has the higher
accuracy than the others (Mattei ef al., 2013, Mattei ef al., 2014).

Group contribution method i1s the method that uses the effect of chemical
structures or functional groups to the chemical properties. This method has the
advantages of fast prediction and isomer diversity (Marrero et al., 2001). The group
contribution model that has been widely used by many researches was developed by
Marrero and Gani. They developed a model to describe the relationship between the

functional groups in a molecule to the target property as shown in Eq. 2.8.

f(X) = Xi NiC; + X M;D;j + Xx OkEx Eq.2.8

where f(X) is a function of the target property that depends on three terms of group

contribution: first-order group, second-order group and third-order group. C; is the



15

contribution of the first-order group multiplied with Nj that is the number of group
occurrences in type-i chemicals. Dj is the contribution of the second-order group
multiplied with M; that is the number of group occurrences in type-j chemicals. Also,
Ex is the contribution of the third-order group multiplied with O that is the number of
group occurrences in type-k chemicals. In the first-level of group contribution, the
target property is predicted by the effect of basic functional groups. For the higher
levels group contribution, the prediction is considered as the effect of polyfunctional

groups or the combination of repeating chemical structure.

Figure 2.6 Breaking scheme of 2-methyl-1-propanol molecule into fragment to

represent the concept of GC-model (van Speybroeck ef al., 2010).

To obtain accuracy, the objective function of this model must be set to
minimize the error or deviation from comparing experimental and predicted data. The
following equations show the statistical parameters for the objective function

(Evangelista et al., 2017):

exp _ycalc
%RD = 100 (——— Eq. 2.9
exp _ycalc
%ARD = 100 | ——— Eq.2.10
exp_ycalc
%AARD = 100 —— NG e Eq.2.11
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where X is the experimental data; X°*° is the calculated data from model; and Nt
is the amount of data points.

There are several works that construct the model based on Marrero and Gani
such as enthalpy of formation model (Hukkerikar et al., 2013), critical micelle
concentration model (Mattei et al., 2013), cloud point model (Mattei ef al., 2014), and
critical properties model for organic compounds containing halogen (Mondejar et al.,
2017). The examples of these models that related to the criteria for surfactant screening
in this work are explained below.

Example application of Marrero and Gani model that is related to surfactant
properties is the cloud point model (Mattei et al., 2014). This model used three-level
of group contribution to predict the cloud point property of nonionic surfactants (see
Eq. 2.12). The equation shows that the function of square of cloud point can predict
the cloud point of nonionic surfactants with 15.83% in maximum absolute deviation

that was lower than other models.
CP? =% NiC; + X; M;D; + Xy OkEx Eq.2.12

Another predicted property is critical micelle concentration (CMC) of
nonionic surfactant (Mattei ef al., 2013). This model considered the function of CMC
as the logarithmic function (see Eq. 2.13). The new third-order group was proposed to
improve the accuracy of this model. The value of 1.5082 maximum absolute deviation
was obtained, indicating the high accuracy of the CMC model from the group

contribution method.
—IOg (CMC) = Zi NiCi + Z] M]D] + Zk OkEk Eq 2.13

In this work, the three-level Marrero and Gani group contribution model is
used to predict the surfactant properties including Krafft point, and C. values of anionic
and nonionic surfactants. In the Cc value models, it is aimed to develop the models for

mixed surfactant systems of anionic-anionic or nonionic-nonionic surfactants.
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2.6 Screening Criteria

From the surfactant flooding process, sub-division of EOR, there are many
surfactants in the list that can be employed for EOR application (example of
surfactants shown in Table 2). The approach to screen and select the suitable chemicals
are needed to reduce the cost and maintain the efficiency of operation. This approach
is called chemical production design. The chemical production design is an important
step in any fields. Its objectives is to screen and search a product that expresses a set
of desirable behavior (Gani, 2004, Mattei et al., 2012).

The simple scheme for chemical product design is shown in the Figure 7. It
can conclude the principle procedure as follows: identify the needs, generate ideas to
reach needs, choose among ideas, and manufacture products (Gani, 2004). The first
step of chemical product design is the definition of the problem or goal of the desired
product. This step is important to make a decision in the following steps. Then, the set
of target properties is required and the list of chemicals which satisfy these targets is
established. The method to use is consequently determined and limited in some
constraints. Next, the design step that uses the selected method is considered. In the
molecular problems, the popular method is Computer Aided Molecular Design
(CAMD). This programming method provides the possibility of designing products by
solving with mathematical optimization. The results from this step are analyzed and
verified to assure the feasibility of results before final verification of candidate
selection through the case studies(Acosta et al., 2003) (Gani, 2004, Mattei et al., 2012,
Cignitti et al., 2015).
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Figure 2.7 Schematic process for chemical product design (Gani, 2004).

This chemical product design procedure is considered in this work. To
preliminarily screen the surfactants for EOR, several criteria and constraints are
required. It is noted that CAMD is not included in this work. This work focuses only
the development of the approach for surfactant screening and it is examined with other
criteria and constraints to recommend the suitable surfactant (or chemical) for the

specific applications.

2.7 Motivation

Nowadays, there are limited energy sources, especially petroleum sources
while the energy demand are continuously increasing. The development of oil recovery
techniques is needed to produce oil to meet the energy demand of the world. Enhanced
oil recovery process (EOR) is applied for oil recovery. Chemical flooding is one of the
EOR techniques to enhance oil by using suitable chemicals. The space of chemical

substances is wide and the selection of suitable chemicals is still challenge. Surfactants
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are one of the chemicals used in EOR techniques. Their structure consists of head and
tail parts that can solubilize in both water (or polar substances) and oil (or non-polar
substances), respectively, and reduce the interfacial tension between the two phases.
This work can improve EOR process and reach a higher oil production. However, the
surfactant screening method is needed to select the most suitable surfactant. The group
contribution method is a powerful tool to correlate the chemical structures to their
properties. This method will be applied to hydrophilic-lipophilic difference (HLD) and
then is used together with other properties and criteria to screen and select the suitable

surfactants for EOR process.

2.8 Objectives

2.8.1 To develop models to predict properties of single and mixed surfactant

systems based on group contribution concept.

2.8.2 To introduce a systematic methodology to select the most suitable

surfactant for several applications such as EOR process, detergents

and soil remediation via HLD value and other criteria.

2.9 Scope of Research

The scope of this research will cover the following:

2.9.1 Scope for Objective 1
2.9.1.1 The Model Based on Group Contribution Concept Include

Krafft Point for Anionic Surfactants, and the Characteristic
Curvature Values of Anionic and Nonionic Surfactants.
2.9.1.2 The Group Contribution Concept Proposed by Marrero et al.
(2001) Will Be Used for Developing Model.
2.9.1.3 Available Experimental Data of Krafft Point and the
Characteristic Curvature Values Will Be Collected from

Literature.
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2.9.1.4 The Simplified Method to Measure Characteristic Curvature of
Nonionic Surfactant Proposed by Zarate-Murioz et al. (2016)
Will Be Conducted to Supplement the Data for Group
Contribution Model.

2.9.1.5 The Mixed Surfactant Systems of Anionic-Anionic and
Nonionic-Nonionic Surfactants Will Be Included.

2.9.2 Scope for Objective 2

2.9.2.1 Information of Selected Reservoir Conditions, Properties and
Other Case Studies that are Related to Microemulsion Systems
Will Be Collected from Literatures.

2.9.2.2 The HLD Value of Single Surfactant System Will Be Determined
in Surfactant Selection.

2.9.2.3 The HLD Value of Mixed Anionic-Anionic or Nonionic-
Nonionic Surfactant Systems Will Be Determined in the
Surfactant Selection for Selected Application.

2.9.2.4 Other Group Contribution Models Such as Cloud Point Model,
and Critical Micelle Concentration Will Be Collected from
Other Literatures to Use as the Criteria in Surfactant
Selection.

2.9.2.5 The HLD Value or Related Parameters Will Be Determined for
Surfactant Screening of Case Studies Such as Detergents and
Health Care Products.

2.9.2.6 Selected Surfactant from this Work Will Be Compared with the

Selected Surfactant from Literatures.



CHAPTER III
EXPERIMENTAL

3.1 Materials and Equipment

3.1.1 Equipment
3.1.1.1 Laptop Computer (Intel® Core™ i5-5200U CPU 2.20 GHz,

4 GB of RAM, Windows 10)
3.1.1.2 SVT 20 Spinning Drop Video Tensiometer
3.1.1.3 WiseCircu Water Bath with Digital Fuzzy Control System
3.1.1.4 Wisemix Vortex Mixer (VM), WVM00010

3.1.2 Glassware
3.1.2.1 Flat bottom vials 15 ml
3.1.2.2 Test tube rack

3.1.3 Software
3.1.3.1 Microsoft Excel 2013
3.1.3.2 Minitab

3.1.4 Chemicals
3.1.4.1 Surfactants

- Sodium dihexyl sulfosuccinate (SDHS)

- C12-14EO1 Dehydol LS 1 TH from Thai Ethoxylate Co.,
Ltd. (>99.7% active ingredients)

- C12-14E02 Dehydol LS 2 TH from Thai Ethoxylate Co.,
Ltd. (>99.7% active ingredients)

- C12-14EO3 Dehydol LS 3 TH from Thai Ethoxylate Co.,
Ltd. (>99.7% active ingredients)

- C12-14EO3 Dehydol LS 5 TH from Thai Ethoxylate Co.,
Ltd. (>99.7% active ingredients)
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- C12-14E09 Dehydol LS 9 TH from Thai Ethoxylate Co.,
Ltd. (>99.7% active ingredients)
- C12-14E012 Dehydol LS 12 TH from Thai Ethoxylate Co.,
Ltd. (>99.7% active ingredients)
- Marlox RT 42 (C16-18 with EO4-PO2) from Sasol (100%
active ingredients)
- Marlox RT 64 (C16-18 with EO6-PO4) from Sasol (100%
active ingredients)
3.1.4.2 Hydrocarbons
- Cyclohexane from Carlo Erba Reagent (99.8% purity)
- Decahydronaphthalene or decalin, mixture of cis and trans
isomers from Merck (99% purity synthesis grade)
- Hexane from RCI Labscan Limited. (purity 95% AR grade)
- Heptane from Univar Canada Ltd. (99.5% purity)
- Dodecane from Merck (99% purity synthesis grade)
- Hexadecane from Acros Organics (99% purity)
3.1.4.3 Others
- Sodium Chloride from RCI Labscan Limited. (purity 99%
AR grade)
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3.2 Methodology

3.2.1 Literature Review

The concepts of enhanced oil recovery, surfactant properties, HLD
equation, methodology for finding parameters in HLD equation, the application of
surfactant in single and mixed system, and the group contribution model were
reviewed. The necessary data for developing model were listed, including the range of
parameter values that related to HLD equation, some surfactant properties and other
parameters that affected to surfactant selection. In addition, the case studies for

surfactant selection both EOR and others were considered.

3.2.2 Data Collection

The literatures from the literature reviews step were collected for
developing the group contribution model and surfactant selection methodology. Some
essential data for developing the group contribution model and surfactant selection,
including the characteristic curvature of anionic and nonionic surfactants, krafft point
of anionic surfactants, cloud point of nonionic surfactants, and critical micelle
concentration of surfactants were collected. The methodology for conducting the
experiment of characteristic curvature was determined from literatures. The case

studies for verifying the results were also collected.

3.2.3 Measurement of Characteristic Curvature of Nonionic Surfactant

The experiment was conducted with the simplified methodology
proposed by Zarate-Muioz et al. (2016).
3.2.3.1 EACN Consideration
The EACN of hydrocarbons used in the experiment were
investigated from the HLD equation according to Zarate-Mufoz et al. (2016). Three
methods were proposed to measure optimal salinity of surfactant-oil-water systems:
solubilization curve, interfacial tension measurement and emulsion stability or
coalescence rate. They concluded that the emulsion stability method was the simplest
and fastest way to measure optimal salinity. This method considers the optimal salinity

by recording the time (coalescence time) that the middle phase of Winsor Type III is
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separated from the excess phase in the stable position (or the middle phase does not
change its position). The salinity that reaches the stable condition with the shortest
time is identified as the optimal salinity. So, the emulsion stability is applied for this
work. Sodium dihexyl sulfosuccinate (SDHS) was used as a reference surfactant
because of its perfor-mance that is suitable for different oils (Acosta et al., 2003). The
system was carried out at 25 °C and no alcohol was added. The EACN of each
hydrocarbons was determined with adjusting the ionic HLD equation at a condition of
optimal salt where type III microemulsion was achieved. At this condition the HLD
was equal to zero; hence, Eq. 2.3 becomes:
EACN = (In S* + C)/K Eq. 3.1
The K and C. values for SDHS are 0.17 and -0.92, respectively
(Zarate-Mufioz et al., 2016). The salinity scan was conducted and then, EACN value
will be calculated. In addition, the EACN of hexadecane were determined by mixing
with lighter hydrocarbon in 1:1 ratio and using linear mixing rule to calculate EACN.
3.2.3.2 Preparation
The surfactant/oil/water system was performed in flat-bottom
vials with 2 mL of aqueous phase and 2 mL of oil. The concentration of surfactant was
fixed in the same molarity for all systems and the amount of Sodium Chloride (NaCl)
in the system were varied in range of 0 —26 g to 100 mL. Single surfactant scans were
conducted with selected reference surfactants and mixed surfactant scans were
conducted with mixture of reference surfactant and test surfactant in varying ratio by
keeping the sum of surfactant concentration at the same molarity.
3.2.3.3 Salinity Scans
This part will conduct using different oil (different EACN) in
case of single surfactant and mixed surfactants. Microemulsion formulation was
carried out by shaking with Vortex Mixer and was left at room temperature.
3.2.3.4 Temperature Scans
This part conducted only single surfactant. The steps were
performed at a fixed salinity value and the temperature was increased at 5 °C of
increment. The maximum temperature of each oil type was kept below its flash point.
The optimal salinity was verified by using coalescence time. At the

optimal value, the coalescence time of each surfactant system reached fastest time.
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However, the EACN consideration needed the lowest interfacial tension measurement
to obtain the most accurate value. This point was discussed in the later part.
3.2.3.5 Data Analysis
The results of single surfactants were used to find parameters
for HLD equation by regression analysis and the results of mixed surfactants were used
to calculate the characteristic curvature of test surfactants, according to the work of
Zarate-Mufioz et al. (2016) and the range of each parameter was determined with

previous work (Salager et al., 2001).

3.2.4 Developing the Group Contribution Model of Characteristic Curvature

In this step, the developing of characteristic curvature model was based
on Marrero et al. (2001) concept with accumulated data from literatures and
experiment. The regression analysis was also performed to find the group contribution
parameters corrected by minimizing deviation between predicted values and

experimental values.

Figure 3.1 Schematic flowchart of measurement of Ccy nonionic surfactant.
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3.2.5 Developing the Group Contribution Model of Krafft Point

The similar procedure as the developing of characteristic curvature
model was applied. The database of krafft point model of anionic surfactants was
obtained from literatures only. The same objective function was applied to minimize

the overall deviation.

3.2.6 Product Design via HLD Values

The scope of determination HLD equation was in case of no co-solvents
and/or co-surfactants, no alcohol inclusion and mixed surfactant with different type
(anionic and nonionic surfactants). The HLD value was calculated via the
characteristic curvature model. The determination of other properties and their models

that were used to screening criteria in the case studies were included.

3.2.7 Surfactant Selection and Comparing to the Case Studies

The case studies of various applications were selected from literatures.
The surfactant selection methodology employed to the selected case study to find the
list of suitable surfactants. Moreover, the comparison of the selected surfactants to the

surfactants in selected case study was determined to verify the result.



CHAPTER IV
KRAFFT POINT MODEL

4.1 Introduction

Surfactants are commonly used chemicals that are presented in many
applications both in daily human activities and in industrial processes due to their
remarkable ability to change the surface and interface properties (Schramm et al.,
2003). One of the important properties of surfactants is their solubility. Surfactant can
be soluble in both polar (or aqueous phase) and non-polar phases (or oil phase). The
solubility of surfactants can be described by their structure which consist of
hydrophilic head groups and hydrophobic tails. Surfactants can be categorized into
four types by the charge of their head groups: anionic, cationic, nonionic and
zwitterionic surfactant (Sofla et al., 2016, Najafi et al., 2017). The applications of these
surfactants are different. For example, anionic surfactants or a mixture of anionic-
nonionic surfactants are used in enhanced oil recovery (EOR) to reduce the interfacial
tension (IFT) between water and oil and to alter the rock surface properties. Anionic
surfactants can lower the IFT between the two phases more than other amphoteric
surfactants (Kamal et al., 2015). Other applications such as the removal of organic
compounds or heavy metals from soil also utilize both anionic and nonionic surfactants
(Liang et al., 2017). Cationic surfactants can be used to change the wettability of solid
surface such as rock or polytetrafluoroethylene (PTFE) that are hydrophobic (Thakkar
et al., 2017). Other applications include the room-temperature radical polymerization
where the presence of surfactant helped enhance the decomposition of free-radical
inhibitor (Zhang et al., 2017). Although most surfactants are hydrocarbon compounds,
some fluorocarbon surfactants are employed in some applications (Li et al., 2005)
because of their higher chemical stability in acidic, oxidative and reducing agents
(Kunieda et al., 1976).

The solubility of surfactants plays an important role in performing their
normal function at a given condition. The solubility of surfactants both their monomer
and the micelles depends on temperature (Myers, 2006). Krafft point (or Krafft

temperature) is used to identify the solubility of ionic surfactants or, in other word
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Krafft point is also known as the surfactant melting temperature. When the temperature
is below this point, surfactant will separate from the aqueous phase and become the
ineffective solid (Chu et al., 2012). This point is presented as a sharp break in the plot
between solubility and temperature. For nonionic surfactants, different mechanism
occurs when describing the solubility and temperature relationship. As the temperature
increases, the solubility of nonionic surfactant decreases until reaching a point where
surfactant separates from the aqueous phase and makes the solution cloudy. This point
is called a Cloud point (Zarate-Munoz et al., 2015). Both Krafft point and Cloud point
are the simple indication for surfactant solubility and they are a characteristic property
of each surfactant. A correlation between the Krafft point or cloud point properties and
the surfactant structure is of importance to select proper surfactants that can perform
in a specific condition. A model that is based on the surfactant structure and can
reliably predict the surfactant property seems to give the best answer to this propose.
There are various methods proposed to predict chemical properties.
Quantitative structure-property relationships (QSPR) and Group-Contribution (GC)
Method are widely used for the property prediction. The QSPR approach is based on
structure and quantum chemistry of substances where the descriptors were obtained
from advanced statistical analyses based on the relationship between structural
information and the characteristics of substances including their topology, geometry,
electrostatics, and molecular-orbital characteristics (Acosta et al., 2003). The QSPR
method has been widely used to predict surfactant-related properties such as solubility
parameter (Wang et al., 2006), critical micelle concentration (Huibers et al., 1996,
PDT et al., 1997, Yuan et al., 2002), surface tension (Stanton et al., 1990), cloud point
(Ren et al., 2011) and Krafft temperature (Li ef al., 2005). Although the QSPR is
versatile and can be used as a property prediction model, it is heavily relied on
extensive regression analysis which involves a software specifically developed for this
purpose. The group contribution method is well-known for its simplicity and provides
quick estimates of property based on the component structure. The property of a
compound is calculated by the summation of frequency of each molecular fragment
(group) occurrence multiplying by the contribution of that group (Marrero et al.,
2001). The GC method has been widely used to predict the pure organic compound

properties, for instance, normal boiling point, normal melting point, critical properties,
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standard enthalpy of formation, standard enthalpy of vaporization, standard Gibbs
energy, and standard enthalpy of fusion (Marrero et al., 2001). Some surfactant-related
properties have been predicted by the GC method, including critical micelle
concentration (Mattei et al., 2013), hydrophilic-lipophilic balance (Guo et al., 2006),
relative solubility number (Wu et al., 2004) and cloud point (Mattei et al., 2014). To
the authors knowledge no studies have been done to develop the GC method to predict
the Krafft temperature of surfactants.

The group contribution based on Marrero and Gani GC-model (Marrero et

al., 2001) can be performed at three levels as described by its generic form as follows:

where F(X) is a function of the target property that depends on three terms: first-order
group, second-order group and third-order group. C;, D;, Ej are the contribution of the
first-order, second-order, and third-order group, respectively. These variables are
multiplied with the number of group occurrences in each level, as N;, M;, Oy in Eq.
4.1, respectively (Marrero et al., 2001). It is noted that the main assumption of Marrero
and Gani GC-model is based on the linear relationship of the main representative
molecular fragment and F(X). For instance, the number of ethoxylate groups
(CH,CH,0) of hydrophilic chain in anionic surfactant owes a linear relationship with
the square of the cloud point (CP); hence, F(X) = CP? (Mattei et al., 2014). This
assumption must be verified in applying the GC concept to the property prediction
models (Reinhard et al., 1998, Li et al., 2005, Mattei et al., 2013).

This study is focused on the development of a model to estimate the Krafft
temperature of anionic surfactants based on Marrero and Gani GC-model. A
comparison of the GC-model and the QSPR model for Krafft temperature is presented.
The application of the model is highlighted through example.
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4.2 Methodology

4.2.1 Data Collection

The experimental data set for Krafft point of anionic surfactants that
used in this work consists of 53 anionic surfactants. The various classes of anionic
surfactants are collected: alkyl sulfonate; alkyl sulfate; alkyl benzene sulfonate;
branched alkyl sulfonate; branched alkyl sulfate; branched alkyl benzene sulfonate;
alkyl ethoxy sulfate; alkyl ester sulfonate; alkyl ester sulfate; alkyl (di)sulfate;
Alkyldiphenylether(di)sulfonates; Alkyl (di)estersulfonate; alkyl naphthalene
sulfonate; and fluorohydrocarbon surfactants. Their Krafft points and structures are
shown in Table 1. Sources of these data set come from many works (Raisen, 1957,
Weil et al., 1963, ].K. et al., 1966, Smith et al., 1966, Gotte, 1969, Takeshi ez al., 1970,
Shinoda et al., 1972, Ueno et al., 1974, Valint et al., 1987, Os et al., 1993, Ohbu et al.,
1998, Vautier-Giongo ef al., 2003).

Before using all of data set, the relationship of Krafft point property in
each class will be investigated. The linear relation of data set is needed to verify before
applying Group-Contribution Method. As shown in Figure. 4.1, the relation between
carbon atoms in alkyl chain and Krafft point is determined. There are linear
relationship in each class with increasing number of carbon atoms, the temperature
will be increased. In addition, the effect of ethoxylate group is also investigated. There
are also linear relationship shown in Figure. 4.2. When the number of ethoxylate group
are increased, the temperature will be decreased. The results have same trend as the
previous work about the effect of surfactant structure on Krafft point (Gu et al., 1992).
Therefore, these relations are agreeable for Group-Contribution Method. In addition,
it can be noticed from these trends that surfactant structures or number of fragment

molecules affect the Krafft point of the surfactant.
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Table 4.1 The experimental Krafft points of anionic surfactants and their structures

Anionic surfactants |

Representative structures

| Exp. Krafft point (°C)

Alkyl Sulfonate (Negin et al., 2017)

C10S03 22.5
C12S03 H;C CH, CH, S0; 38.0
C14S03 NN SN S 48.0
C17S03 CH, CH, CH, 62.0
C18S03 70.0
Alkyl Sulfate (Negin et al., 2017)
C100S03 8.0
C120S03 19.0
C130S03 H,C CH, CH, 0505 20.8
C140S03 NN S N S 30.0
C150S03 CH, CH, CH, 31.5
C160S03 45.0
C180S03 56.0
Alkyl Benzene Sulfonate (Negin et al., 2017)
C7PhSO3 H,C CH, CH, 9.0
NSNS
C8PhSO3 ct CHs @ 18.5
Branched Alkyl Benzene Sulfonate (Negin et al., 2017
2C10PhSO3 /CHS 22.0
2C12PhS0O3 H,C CH, CH 31.5
2C16PhSO3 \CH:/ \CH:/ \Q—sos 54.2
2C18PhS0O3 60.8
Branched Alkyl Sulfate (Negin ef al., 2017)
2C13COS03 H,C CH, JCH: 0805 11.0
VRN
2C15C0OS03 CH, cH, CH, 25.0
2C17C0OS03 CH; 30.0
Alkyl Ethoxy Sulfate (Negin et al., 2017)
C16E10S03 36.0
C16E20S03 H,C CH, CcH, CH, 080, 24.0
C16E30S03 .~ S o N 19.0
CI8E30S03 o CH, ' ik 32.0
C18E40S03 18.0
Alkyl Ester Sulfonate (Xu et al., 2018)
C10AESO3 ° 8.1
CI2AESO3 HC o o om s0s 242
CI4AESO3 T o ey’ 36.2
Alkyl Ester Sulfate (Xu et al., 2018)

C10AEOSO3 (‘T 12.5
C12AEOSO3 H;C CH, C CH, 080y 26.5
C14AEOSO3 \CH/ \CH/ \0/ \CH:/ 39.0
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Table 4.1 The experimental Krafft points of anionic surfactants and their structures

(continued)
Anionic surfactants | Representative structures | Exp. Krafft point (°C)
Alkyl (di)sulfate (Schmitt, 2001)

03S0C120803 _ _ 12.0

03S0C140S03 e Vs P 080: 24.8

03S0C160S03 0,50" e, cn, CH, 39.1

03S0C180S03 44.9

Alkyldiphenylether(di)sulfonates (Rosen, 1989)

0O3SPhOC60PhSO3 20.0

0O3SPhOC80OPhSO3 — ° CH L 28.0

03SPhOC100PhSO3 e ci, ci; N /% 59.0

03SPhOC120PhSO3 _ 70.0

Alkyl (di)estersulfonate (Schmitt, 2001)

O3SCEACI2AECSO3 | . _ i ) 23.5

O3SCEACI4AECSO3 w” e N - o N Na N 31.0

O3SCEACI6AECSO3 ° 38.5

Alkyl Naphthalene Sulfonate (Valint ez al., 1987)

1,4 NS-8 Tos' 9.0

1,4 NS-10 | “\‘ \] 21.0

1,4 NS-14 N CH, CH, CH, 50.0

1,4 NS-16 CH, CH. CH, CH, 64.0

Fluorocarbon Surfactants (Li ef al., 2005)

C7F15COONa F;C CF, CF, SO; 8.6

C8F17COONa \CF / \CF / \CF / 24.6

C10F21COONa o o o 58.3

0

C12F25COONa I 89.0

C7F15803Na RN o O ° 56.5

C8F17SO3Na r:C cF, CF; CF; o 75.0

Where Ph represents a phenyl group; E represents an ethoxylate group; A represents a ketone group;

NS represents a Naphthalene sulfonate group
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Figure 4.1 The relationship between Krafft point and the number of carbon atoms in
alkyl chain for anionic surfactants: linear alkyl sulfonate; linear alkyl sulfate; branched

alkyl phenyl sulfonate; and alkyl naphthalene sulfonate.
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Figure 4.2 The relationship between Krafft point and number of ethoxylate units in

alkyl chain for anionic surfactants: C16 and C18 alkyl chain length.
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This work also includes the fluorocarbon surfactants in the Group-
Contribution Model. There are 6 fluorohydrocarbon surfactants: only carboxylate and
sulfonate classes that contain sodium ion as the counterion. According to the work
from Lucassen-Reynders (1981) and Gu et al. (1992), it was evidenced that the types
of counterion ion influence to Krafft point in both hydrocarbon and fluorohydrocarbon
surfactants. However, the data for developing model is more available with sodium
counterion ion (Na") and less in other counterion ions such as potassium (K") and
ammonium (NH4") ions, especially there is a lack of other counterion data set in
conventional hydrocarbon surfactant. So, this work focused on the model development

that includes only anionic surfactants with sodium counterion ion.

4.2.2 Development of GC-Model

In the development of Group-Contribution Model according to Marrero
and Gani method (Marrero ef al., 2001), the first step is to define a suitable function
(f(X)) in Eq. 4.1. To develop a characteristic of Group-Contribution Model Figure 4.1
and Table 4.1 show a linear relationship between the molecular structure and the
predicted property, i.e. Krafft point. Therefore, F(X) in Eq. 4.1 can be substituted with
Krafft point temperature (Tx) directly. Then Eq. 4.1 becomes:

Tk (°C) = ZiNiCi + ZM;D; + ZxOxEx Eq. 4.2

The next step is defining the molecular structure of data set and
classifying these structure into three level groups: first-order and higher-order levels.
For the first-order, the molecular structure in each chemical is considered in a simple
functional group such as —CH3;, CH=CH, CH>COO, SO3, and OSOs". For the higher
order, there are second-order and third-order groups. These higher level groups aim to
obtain more accuracy of the Group-Contribution Model. The second-order groups are
multiple functional groups that can describe the molecular effects for some chemicals,
which cannot describe obviously by the first-order groups such as OH-CH,-COO,
alicyclic substituents and aromatic rings. For the third-order groups, these are the
complex structures that contain fused cyclic molecule and/or large multiple functional

groups such as fused ring aromatic (naphthalene) and polyfunctional group with long
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alkyl chain or cyclic structure. If the available higher order groups from Marrero et al.
(2001) are not enough to develop the accurate model, the new third-order group may

be needed.

4.2.3 Correlation Analysis

The multiple linear regression is carried out between number of
molecular groups or fragments and experimental Krafft point. Minitab is used in this
step by setting experimental Krafft point as the response (Y) and number of molecular
groups as the predictors (X). To obtain high accuracy, the Goal seek function in Excel
Tool is used by minimizing the deviation by comparing the experimental and the
calculated data. The equation for calculating deviation in this work is shown in

Eq. 4.3:

.y 1 Ndata | TK®XP—Tkeale
0 = — .
YoDeviation = 100 —— ¥, 5" | —— =

Eq. 4.3

where TP, Ty are the Krafft point from experiment and developed model,

respectively, and Nyata 1s the total data point.

4.2.4 Benchmark
To benchmark the GC model developed in this work for Krafft point
temperature of anionic surfactants, the QSPR model proposed by Li ef al. (2005) is

used to compare the results.
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4.3 Results and Discussion

To develop a GC-model for Krafft point temperature of anionic surfactants, a
linear relationship between F(X) in Eq. 4.1 and the group contribution terms on the
RHS of Eq. 4.1 must be established as the assumption of the Group-Contribution
Method. This work investigated the imperative of a constant (or intercept in linear
function) to obtain higher accuracy predicted by the GC-model (Roughton et al., 2012,
Kulajanpeng ef al., 2016). By adding a constant Eq. 4.2 becomes:

Tk (°C) = ZiN;C; + ZM;Dj + XkOkEk + constant Eq. 4.4

The results from the regression analysis to minimize deviation between the
experimental data and the regressed values are shown in Table 4.2 and 4.3. Table 4.2
tabulated the group definition and their coefficients for the first-order groups and Table
4.3 shows the group definition and their coefficients for the second- and third-order
groups. An example of the decomposition of alkyl naphthalene sulfonate and its
associated fractional groups is given in Table 4.4. The higher the group contribution
level, the larger the group of molecular structures are combined. The comparison of
results is presented in a parity plot, or a relative error plot with the percentage of
absolute deviation.

The development of the GC-model for Krafft point temperature is divided
into three parts: the development of the first-order GC-model, improvement of the GC-

model by using a higher-order group and the introduction of a new third-order group.
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Table 4.2 Group definition and their coefficients for the first-order GC-model of

Krafft point of anionic surfactants

First order group Coefficient, C; (°C)

CH3 45.9329
CH» 6.1141
CH -54.1220
CH»-O -15.5808
CH,COO 1.2907
SO5 26.5247
OSOs 32.6928
aC-0 65.8270
aCH -2.7166
aC-CH» 69.9810
aC-CH 22.0837
aC-SOs 0.0060
aC fused aromatic ring -0.2730
CF; 38.7274
CF, 16.0812
CoOr 0.0137
Constant -126.6285
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Table 4.3 Group definition and their coefficients for the higher-order GC-model (both

second- and third-order groups) of Krafft point of anionic surfactants

Higher order group

Coefficient (°C)

Second order, D;

AROMRINGs's* 0.0060
"O3S-aromatic-O -0.0005
Third order, Ex
OOC-(CH2),-COO -7.6915
"OxS-(CH2),-OCO -0.1607
aC-O-(CH2)n-O-aC -0.0003
AROFUSEDs's* -0.1365
"O3S-alkyl tail 21.6530
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Table 4.4 Example of the decomposition of 1,4 NS-12 (Alkyl Naphthalene Sulfonate)
in First-order, Second-order and Third-order groups for calculating in the Krafft point

GC-model

Molecular First-Order Second-Order Third-Order
structure groups groups groups
LA S
L\ltli
$0; (/‘H;.‘ B
pe " CH
gy £
\j CH, (cH,
CH, CH,
CH p CH.
CH, (CH)
CH, CHy)
/'/ ) //
(TH: CH,)
e, P
&) AROMRINGs's* | AROFUSEDs's?
“cH, 1-CH3
CH, 10-CH»
o 6-aCH
CH;
1-aC-CH>
1-aC-SO3”
2-aC fused
aromatic
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4.3.1 Development of the First-Order GC-Model

To develop the first-order group, the molecular structure of each
surfactant is analyzed to decompose into several fractional groups. 16 first-order
groups in the Krafft point temperature model are proposed as shown in Table 4.2. The
coefficient of each fractional group is obtained by a regression analysis. To assure the
validity of the GC-model, the coefficient of each group must be analyzed. First, the
coefficients of -CH3z and -CH» are positive. There are some works indicated that an
increase in alkyl chain length decreases the solubility of anionic surfactants (Gu et al.,
1992, Chu et al., 2012). It means that the more number of -CH3 and -CH» group
presence in the surfactant structure, the lower the solubility of that surfactant is
performed. Hence, it is reasonable for a Krafft point to increase with adding more
contribution of —-CH3; and —CH> groups to Eq. 4.4. Likewise, -CF3 and -CF; for
fluorocarbon surfactants give a similar effect as -CH; and CH> and their regressed
positive coefficients are justified. Huibers et al. (1996) justified obviously the
molecular structure into hydrophobic part and hydrophilic part. They showed that
—CH3, —CHa, -CF; and -CF; were included in the hydrophobic part of surfactant. Their
contributions are relatively positive to make the higher Krafft point temperature.

The presence of -CH group is an indicator of a branching structure in a
surfactant. O'Lenick (2007) reported a lower wetting behavior in surfactants with
branching structure. For the wetting, this value indicates the ability to alter
hydrophobicity. If the lower wetting value, the lower hydrophobicity is observed.
Hence, the branching structure of hydrophobic part of surfactant can lead to high
solubility in aqueous phase. Alexander et al. (2014) also successfully synthesized
branched anionic surfactants and obtained remarkably low surface tension. As the
branching factor increased, the lower surface tension and higher aqueous solubility
were observed. These points come to explain the reason why the branched anionic
surfactant gave the lower krafft point temperature and negative contribution. For
example, the Krafft point temperature of linear C130S03 is 20.8 °C while branched
C130S03 gives the lower value with 11.0 °C. Some works also supported that the
branching structure of a surfactant gave easier micelle formation and better interfacial
properties (Zhang et al., 2017). Therefore, -CH fraction can increase the surfactant

solubility and decrease the Krafft point temperature as presented in the negative
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contribution in Table 4.2. Next, the ethoxylate group (-CH20) gave negative
coefficient value to the Krafft point temperature. According to the study by Acosta et
al. (2008a), the more number of ethoxylate groups, the lower the Krafft point was
observed. Hence, its negative coefficient is justified.

The aromatic structure is also investigated as fractional groups in the
GC-model. As illustrated in Table 4.4, the first-order level decomposes aromatic ring
into fraction of aromatic carbon (aCH), aromatic carbon that fused with other rings
(aC fused) and aromatic carbon that linked with substituted groups, i.e. aC-CH», AC-
CH, and aC-SOs". Typically, molecules with aromatic structure are relatively more
soluble in water than those containing aliphatic structure. The 1 electrons of aromatic
carbon can be delocalized and transferred among carbon atoms in an aromatic ring,
resulting in a stronger electrostatic field as compared to a molecule with aliphatic
structure when comparing two molecules with the same number of carbon atoms. So,
an aromatic structure is stable and more soluble in water than an aliphatic structure
molecule (Hanke et al., 2003). However, the polarity of aromatic compounds is not
high enough to be soluble in water as other polar groups. Hence, aromatic structure is
categorized in the non-polar structure and is considered a part of hydrophobic tails of
the surfactants (Huibers et al., 1996). Therefore, the contributions of aromatic fractions
are mostly positive; however, there are small magnitude of negative values from the
regression that may come from the decomposition of aromatic structure into small
fractions. For more complete representation of aromatic compounds, higher-order
groups are required.

For functional group in the head part of anionic surfactants, Sulfonate
(-SO3") and Sulfate (OSO3") are among the most common head groups of anionic
surfactants. The head part of the surfactant should give negative contribution to
indicate the more soluble structure in water but the results are not as expected. The
contributions of sulfonate and sulfate are positive with high value. However, there is
a constant added to the equation (Eq. (4.4)) to help the accuracy of model. Hence, the
expected negative contribution from the sulfonate and sulfate groups might have been
included in the constant in Eq. 4.4 during the regression. This work concludes that the
contributions of sulfonate and sulfate mathematically correspond to the constant in the

linear equation that is very low with a value of -126.6285.
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The results from prediction by the first-order level are plotted in the
parity plot with the experimental value as shown in Figure 4.3. It appears that some
data points are deviated from the linear line, so the higher-order is necessary to be

applied to improve the GC-model.
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Figure 4.3 Parity plot between experimental Krafft point of anionic surfactants and

calculated value from the first-order Group-Contribution Model.

An attempt was done to include fluorohydrocarbon surfactants in the
GC-model developed in this work. Referred to the QSPR model developed by Li ef al.
(2005) a separated dataset of fluorohydrocarbon surfactants with a different set of
descriptors were used for 19 fluorohydrocarbon surfactants consisting of Li*, Na*, K™,
H*, and NH4" as the counterion. This work investigated the effect of carbon chain
length in fluorohydrocarbon surfactant and a linear relationship between number of
carbon atoms and Krafft point of fluorohydrocarbon surfactants CxFnCOO™Na" series
was observed (see Figure 4.4.). The results shows the same trend as the conventional
surfactants in Fig. 4.1. It seems that these dataset can be used in the development of
the GC-model; however, there was insufficient data for regression analysis. Therefore,

the effect of counterion of fluorohydrocarbon surfactant was neglected. Hence, in this
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work only the dataset of fluorohydrocarbon surfactants with Na* counterion was only

included in the GC-model developed in this study.
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Figure 4.4 The relationship between Krafft point and number of carbon atoms in alkyl

chain for carboxylate series of fluorohydrocarbon anionic surfactants.

4.3.2 Improvement of GC-Model by Using Higher-Order Group

The higher order groups are applied to the GC-model after achieving
the first-order level. The advantage of adding the second-order groups was the
consideration of polyfunctional groups and, hence, this could give the model with
higher accuracy to predict the chemical properties than the first-order level. Based on
Marrero et al. (2001), the second-order groups was proposed such as aromatic ring,
cyclic carbon linked with substituted group and the linkage between two or more
function groups. In this work, there are only two polyfunctional groups included as the
second-order groups: AROMRINGs's* represents the complete aromatic ring
occupied with two substituents in the opposite ends of the ring (position 1 and 4) and
"OsS-aromatic-O represents the aromatics ring containing substituents of SO3™ and O

with a valence electron movement from substituted group. After regression analysis to
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obtain the contribution of these second-order groups, there was no significant
improvement in the prediction of the Krafft point temperature because of their very
low contribution (see Table 4.3). The obvious reason for this problem is the lack of
various dataset to arrange the second-order groups. Hence, the third order level is
determined in the GC-model. Based on the criteria given by Marrero ef al. (2001), the
third-order groups from this work include OOC-(CH2),-COOQO, -OxS-(CH2),-CO, aC-
O-(CH2)n-0O-aC and AROMFUSEDs's*. The subscript n represents the length of
hydrocarbon chain, which should be two or more. The subscript x represents the
oxygen atoms in the sulfate compound that should be three or four. The addition of the
third-order groups can improve the accuracy of those surfactants with aromatic rings
and two-headed structure. However, some error still exists. As shown in parity plot
(Figure 4.3), there are data points that are not in linear line but they are seem linear
relationship. It is of interest those data point to analyze and change the relationship to
the same linear line. A new third-order group should be proposed to improve the GC-
model. Hukkerikar et al. (2013) suggested the procedure to establish the new third-
order group to obtain the GC-model with high accuracy. Their recommendation is as
follows:

- Finding and adding the supplement dataset to extend the available
molecular structure in the GC-model and then, inspecting the validity and uncertainty
of the dataset;

- Analyzing the dataset and searching chemicals that make the high
deviation to the GC-model;

- Determining those previous chemicals to find the suitable group
descriptors;

- Proposing new group descriptors that can improve the accuracy of the
GC-model; and,

- Carrying the regression analysis to find the contribution values.

Hence, in this work new third-order groups were proposed to improve

the accuracy of the GC-model.
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4.3.3 Introduction of the new third-order groups

The introduction of the new third-order group initially considers based
on the high deviation in the same molecular structure. From Figure 4.4, it seems that
there are some data points that are deviated from the linear line with a relative constant
deviation. These deviated data points are mostly from alkyl sulfonate groups (Alkyl
tail-SO37). The trend of deviated data is linear. Hence, the group of alkyl sulfonate
surfactants, including hydrocarbon and fluorocarbon chain is of interest to be assigned
by the new third-order group.

First, the solubility of alkyl sulfonate surfactants (CH3-(CH2),-SO3")
were compared with that of the alkyl sulfate surfactants (CH3-(CH2),-OS0O37). Chen et
al. (2004) concluded that alkyl sulfonate surfactants are less soluble than alkyl sulfate
surfactants, consequently, the Krafft point temperature of alkyl sulfonate surfactants
is higher. This is obviously revealed by the molecular structure of the head groups of
these two surfactants. For alkyl sulfonate, the surfactant head consists of SO3", while
the head of alkyl sulfate consists of OSO;". There is only difference in bridging
between the head and the tail structure, -CHy-SO3™ bonding and CH,-O-SO;5™ bonding
for alkyl sulfonate and alkyl sulfate, respectively. The -CH,-O-SOs3” bridge extends the
head of surfactant with an additional oxygen atom, providing one more available
oxygen with its lone pair electrons to make hydrogen bonds with water molecules;
consequently, the alkyl sulfate head is more soluble in water than the alkyl sulfonate
(Del Re et al., 2010). Hence, the Krafft point temperature of alkyl sulfate surfactants
is lower than that of alkyl sulfonate surfactants with the same tail.

Huibers (1999) investigated the grouped atomic partial charges for each
part of surfactant. The results showed that the charge of the head group of a surfactant
greatly affects the other parts and partially distributes to the rest. The partial charge of
each segment of a surfactant was measured including the head group, alpha methylene
(0-CH2), combining the head group and a-CH> (HG + a-CH32) and the alkyl tail. The
author used many methods to measure the charge distribution and the results showed
the charge on a-CH; of alkyl sulfonate surfactant is more negative than the charge on
a-CH; of alkyl sulfate surfactant. Due to the high polarity of CH,-SO3™ bond in alkyl
sulfonate structure, the head group is highly negative and significantly distributes to

the a-CH:z and consequently to the alkyl tail. Huibers (1999) used NMR data to suggest
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that the charge distribution on a-CH2 group lead to make this group included in the
hydrophilic part of surfactant and gave the high repulsive force between head group of
surfactant monomer, while the surfactant with a sulfate head group is prone to attract
with other molecule due to the lower polarity of CH,-OSO3™ bond. Additionally, it
seems that the critical micelle concentration (CMC) value of alkyl sulfonate is higher
than alkyl sulfate, for example, the CMC value of C12H25S0O3™ was equal to 0.0120 M
while the CMC value of C12H250S03™ was equal to 0.0082 M, both of them was
measured at 25 °C (Rosen, 2004). These results also justify the high polarity of
sulfonate head group with C-S bond, leading to high repulsive force between surfactant
monomer and decreasing the solubility in aqueous phase. Therefore, these two
suggestions make the sulfonate head significantly interact with the a-CHz and alkyl
chain. This makes the sulfonate group and the attached alkyl chain, i.e. “O3S-(CH2)n-
CHjs, dissolve differently in an aqueous phase and support the establishment of the new

third-order group to represent its behavior.
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Figure 4.5 Parity plot between experimental Krafft point of anionic surfactants and
calculated value from the higher-order Group-Contribution Model (both second-order

and third-order groups).



47

The performance of the GC-model after applying the new third-order
group is improved and the higher the accuracy is observed. Figure 4.5 presents the
parity plot between experimental Krafft point of anionic surfactants and the calculated
values after applying the higher-order Group-Contribution Model with the new third-
order groups. To compare the previous parity plot in Figure 4.3, the results show that
most of deviated data points are shifted toward the diagnol line when the new third-
order groups have been proposed. The accuracy is much improved and will be
discussed in details later. Example calculations for using the proposed GC-model are
represents in Tables 4.5 to 4.7. In Table 4.5, Krafft point of 2C14PhSO3 is calculated.
There is no difference in Krafft point that is predicted by both the GC-model without
any higher-order groups and the GC-model with higher-order groups. Only the second-
order group namely AROMRINGs's* appear in the 2C14PhSO3 structure and there is
no third-order group in the structure. Since AROMRINGs's* gives very low
contribution; hence, no improvement was obtained after adding the second-order level.
However, the propsed GC-model gave higher accuracy in predicting the Krafft point
temperature than the predicted value obtained from the QSPR model (Li et al., 2005).
Tables 4.6 and 4.7 show the significant effect of applying the third-order groups to
improve the accuracy of the proposed GC-model. Table 4.6 represents the calculation
of Krafft point of CIOAEOSO3. The addition of (-OxS-(CH2),-OCO) as a third-order
group significantly improve the Krafft point. The %absolute deviation is reduced from
14.93% in the first-order level GC-model to 13.64% when predicted from the higher-
order level. Likewise, the GC-model both first-order and higher-order groups gave
higher accuracy than the predicted Krafft temperature obtained from the QSPR model
for this particular surfactant (as compared in Table 4.8). Another remarkable example
of applying the new third-order group is the introduction of the alkyl sulfonate, “O3S-
(CH2)n-CH3, as the new third-order group. C16SO3 is one of the alkyl sulfonate
surfactants that face a problem with high deviation when only first-order level is
applied. After adding of the third-order level, the %absolute deviation of the Krafft
point prediction has improved from 37.54% in the first-order level to 3.85%. The
accuracy from GC-model is comparable to that predicted by the QSPR model.
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Table 4.5 Calculation of Krafft point of 2C14PhSO3 (Branched-Alkyl Phenyl
Sulfonate group) with Group-Contribution Method compared with the QSPR method

2C14PhSO3
Molecular structure: -
HC CH, CH, CH, CH, CH, CH |
cH; cn C-H;/ cH; CH; cH, /— \— 50;
First-order group: -
Groups Occurrences Coefficients (°C)
CHs 2 45.9329
CH: 11 6.1141
aCH 4 -2.7166
aC-CH 1 22.0837
aC-SOs3° 1 0.0060
Second-order group:
Groups Occurrences Coefficients (°C)
AROMRINGs's* 1 0.0060
Third-order group:
Groups Occurrences Coefficients (°C)

No Third-order group

Tk calculation

GC model without higher-order group; Tk (°C) = ZiNiC; + Constant = 43.71 °C
GC model with higher-order group; Tk (°C) = ZiN;Ci + ZM;D; + ZkOkEx +
Constant =43.72 °C

QSPR model; Tk calc = 42.20 °C

%Absolute deviation from experimental value (Tkexp=46.0 °C)
GC-model without higher-order group; 4.98%

GC model with higher-order group; 4.96%

QSPR model; 8.26%
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Table 4.6 Calculation of Krafft point of CI0AEOSO3 (Linear-Acyl ethoxylate
Sulfate) with Group-Contribution Method compared with the QSPR method

CI0AEOSO3

Molecular structure:

0
H,C CH, CH, CH, CH, ‘c| CH, 0S0
NN NN SN NS NS
CH, CH, CH, CH, CH, o] cH,

R

First-order group:

Groups Occurrences Coefficients (°C)
CHs 1 45.9329
CH: 10 6.1141
CH>COO 1 1.2907
(ON{0Z) 1 32.6298
Second-order group:
Groups Occurrences Coefficients (°C)

No Second-order group

Third-order group:

Groups Occurrences Coefficients (°C)

-0,S-(CH2),-OCO 1 -0.1607

Tk calculation

GC model without higher-order group; Tk (°C) = ZiN;C; + Constant = 14.37 °C
GC model with higher-order group; Tk (°C) = ZiN;Ci + Z;M;D; + XxOkEx +
Constant = 14.20 °C

QSPR model; Tk cale = 9.30 °C

%Absolute deviation from experimental value (Tkexp= 12.5 °C)
GC-model without higher-order group; 14.93%

GC model with higher-order group; 13.64%

QSPR model; 25.60%
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Table 4.7 Example calculation of Krafft point of C16SO3 (Hexadecyl sulfonate) with
Group-Contribution Method compared with the QSPR method

C16S03
Molecular structure:
H.C CH, cH, CH, cn, CH, cH, CH,. 50,
" . \\\\('H: N " ’ - ) o - \_\CH_" S
First-order group:
Groups Occurrences Coefficients (°C)
CHs 1 45.9329
CH: 15 6.1141
SO3 1 26.5247
Second-order group:
Groups Occurrences Coefficients (°C)

No Second-order group

Third-order group:

Groups Occurrences Coefficients (°C)

"O3S-alkyl tail 1 21.6530

Tk calculation

GC model without higher-order group; Tk (°C) = ZiN;C; + Constant = 37.54 °C
GC model with higher-order group; Tk (°C) = ZiN;Ci + Z;M;D; + XxOxEx +
Constant = 59.19 °C

QSPR model; Tk calc = 58.90 °C
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Table 4.8 The predicted values of the Krafft point temperature from the proposed
GC-model and the QSPR model

T The proposed GC-model The QSPR model
Surfactants (;“é")l’ in this work (Li et al., 2005)
T cate (°C) % error T cate (°C) % error

C10S0O3 22.50 22.51 0.00 22.40 0.44
C12S03 38.00 34.74 8.59 35.50 6.58
C14S03 48.00 46.96 2.16 47.60 0.83
C17S03 62.00 65.31 5.33 64.20 3.55
C18S03 70.00 71.42 2.03 69.40 0.86
C100S03 8.00 6.96 12.99 5.00 37.50
C120S03 19.00 19.189 1.00 17.60 7.37
C130S03 20.80 25.30 21.65 23.50 12.98
C140S03 30.00 31.42 4.72 29.30 2.33
C150S03 31.50 37.53 19.15 34.80 10.48
C160S03 45.00 43.64 3.01 40.20 10.67
C180S03 56.00 55.87 0.23 50.40 10.00
C7PhSO3 9.00 9.00 0.01 11.40 26.67
C8PhSO3 18.50 15.11 18.29 18.20 1.62
2C10PhSO3 22.00 19.26 12.43 14.80 32.73
2C12PhS0O3 31.50 31.49 0.02 28.70 8.89
2C16PhSO3 54.20 55.95 3.23 55.30 2.03
2C18PhSO3 60.80 68.18 12.13 67.80 11.51
2C13C0OS03 11.00 11.00 0.00 13.10 19.09
2C15C0OS03 25.00 23.23 7.09 25.90 3.60
2C17C0OS03 30.00 35.46 18.19 37.90 26.33
C16E10S03 36.00 34.18 5.06 38.60 7.22
C16E20S0O3 24.00 24.71 2.97 28.90 20.42
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Table 4.8 The predicted values of the Krafft point temperature from the proposed
GC-model and the QSPR model (Continued)

T The proposed GC- The QSPR model
Surfactants (clfcex)p model in this work (Li et al., 2005)
Ticale (°C) | % error | Ticalc (°C) | % error
C16E30S03 19.00 15.25 19.76 18.40 3.16
CI8E30S03 32.00 27.47 14.15 27.00 15.63
C18E40S03 18.00 18.01 0.04 19.30 7.22
CI10AESO3 8.10 8.10 0.00 11.60 43.21
CI12AESO3 24.20 20.33 16.00 24.30 0.41
CI4AESO3 36.20 32.56 10.07 36.40 0.55
CI10RSO3 12.50 14.21 13.64 9.30 25.60
CI2RSO3 26.50 26.43 0.25 22.00 16.98
C14RS03 39.00 38.66 0.87 34.10 12.56
03S0C120S03 12.00 12.00 0.00 12.60 5.00
03S0C140S03 24.80 24.23 2.31 23.50 5.24
03S0C160S03 39.10 36.46 6.76 33.90 13.30
03S0OC180S03 44.90 48.68 8.43 43.90 2.23
O3SPhOC60PhSO3 20.00 20.00 0.00 27.00 35.00
O3SPhOC80OPhSO3 28.00 32.23 15.10 39.10 39.64
O3SPhOC100PhSO3 | 59.00 44 .46 24.65 51.10 13.39
O3SPhOC120PhSO3 | 70.00 56.68 19.02 63.00 10.00
O3SCRCI12RCSO3 23.50 18.81 19.94 21.50 8.51
O3SCRC14RCSO3 31.00 31.04 0.14 32.60 5.16
O3SCRCI16RCSO3 38.50 43.27 12.39 42.30 9.87
1,4 NS-8 9.00 9.00 0.00 No data
1,4 NS-10 21.00 21.23 1.09 No data
1,4 NS-14 50.00 45.68 8.63 No data
1,4 NS-16 64.00 57.91 9.51 No data
C7F15COONa 8.60 8.60 0.00 No data
C8F17COONa 24.60 24.68 0.33 No data
C7F15SO3Na 56.50 56.76 0.47 No data
C10F21COONa 58.30 56.84 2.50 No data
C12F25COONa 89.00 89.01 0.01 No data
C8F17SO3Na 75.00 72.85 2.87 No data
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The comparison of first-order group, higher-order group and higher-
order group with a new proposed group is concluded in Table 4.9. It is clearly seen
that the addition of the higher-order groups give a significantly lower deviation,
especially after including the new proposed third-order group. The lowest average
absolute deviation of the proposed GC-model is 6.97% with the R-square error of the
parity plot of 0.96, giving the proposed GC-model higher accuracy than the QSPR

model (see the comparison in Table 4.9)

Table 4.9 Comparison the deviation of Group-Contribution Model: only first-order
model; model including higher-order group (no proposed group); model including

higher-order group and proposed group; and QSPR model of Krafft point of anionic

surfactants
Average Maximum
Data points R-square
Model absolute absolute
for regression error
deviation (%) | deviation (%)
GC-model without higher- 53 14.02 96.20 031
order group (first-order only)
GC-model with higher-order
53 13.05 53.91 0.87

groups (no proposed group)
GC-model with higher-order
groups and a new proposed 53 6.97 24.65 0.96
group
QSPR model 46 12.47 43.21 0.9368

Figure 4.6 shows the relative error plot of Krafft points from the
proposed GC-model (Figure4.6a for the GC-model without higher-order levels and
Figure 4.6b for the GC-model with higher-order levels) and the QSPR model (Figure
4.6¢ from Li et al. (2005)). It is clearly seen that the proposed GC-model with higher-
order levels for Krafft temperature from this work is relatively more accurate than the

more complex QSPR model.
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Figure 4.6 Relative error plot of Krafft point model (a) predicted Krafft point from
the GC-model without higher-order (b) predicted Krafft point from the GC-model with
higher-order groups (c) predicted Krafft point from the QSPR model.

It should be noted that the developed GC-model in this work is able to
precisely estimate the Krafft point temperature of anionic surfactants that contain the
available 16 first-order groups depicted in Table 4.2. The proposed GC-model cannot

give a good predicted Krafft point of those surfactants containing the fractional groups



55

other than those appear in Table 4.2. For example, this model cannot predict the Krafft
point temperature of Internal Olefin Sulfonate (I0S) surfactants (see structure depicted
in Figures 4.7a and 4.7b) because certain contributors including alkene (CH=CH) and
hydroxyl (-OH) groups are not available in the proposed GC-model. In addition, the
newly developed surfactant structure, namely Gemini surfactants, contain two heads
and tails linked together (see Figure 4.7c). This gemini structure gives a better
performance such as stability (Negin et al., 2017) as compared to any conventional
surfactants. The effect of the interaction between the two tails are also not included in
the high order groups proposed in this work; hence, the Krafft point prediction from
the model could be inaccurate. However, the proposed GC-model can be extended to
cover the surfactants with other functional groups if there are enough experimental

data available.

4.4 Examples Application

In the application of anionic surfactants, it is well-known that the working
temperature of the system should be higher than the Krafft point of a specified anionic
surfactant to prevent surfactant crystallization (Summerton et al., 2017) except a few
applications that do not concern the micelle formation in the system such as the gas
hydrate technology for gas storage (Kumar et al., 2015). The GC-model for Krafft
point prediction is useful for the preliminary criteria to select available surfactants
from many choices and hence, it helps reduce cost and time for experiment. Vautier-
Giongo et al. (2003) studied the effect of counterion ion dissociated with ionic micelle
by considering the degree of ionization calculated from Krafft point of selected
surfactants. They used sodium dodecyl sulfate (SDS) to represented the ionization of
anionic and cetyltrimethylammonium bromide (CTAB) as their cationic surfactant.
Krafft point experiment was conducted and found that SDS gave the Krafft point of
around 19.00 °C. If the GC-model is applied to predict Krafft point of SDS instead of
experiment. The calculated Krafft point is equal to 20.18 °C, which is close to the
experimental value. It seems that the GC-model is rather practical for use to avoid the

waste of time and cost for experiment.
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Figure 4.7 Example anionic surfactant that GC-model may not predict accurately: (a)
Internal Olefin Sulfonate (IOS) that including hydroxyl, (b) Internal Olefin Sulfonate
(I0S) that including alkene and (c) gemini surfactant (Negin et al., 2017).

4.5 Conclusions

Krafft point model based on the concept of Group-Contribution method by
Marrero et al. (2001) has been developed for predicting the limitation of solubility of
anionic surfactants. The first-order, higher-order (second and third) and new third-
order groups are applied to this model to achieve high accuracy. With the high-order
groups, the accuracy of the model could achieved 7.80%average absolute deviation
with high R-square of 0.9511 when comparing to the experimental data. Most of
contributions of the fractional groups in each level follow the effect of molecular
structure. If the polar or hydrophilic structures occur in the surfactant molecule, the
contribution is negative and Krafft point is lower. This model can improve the previous
Krafft point model based on QSPR (Li et al, 2005) by extending data set and
succeeding the higher efficiency. In addition, the fluorocarbon surfactants are included
in the model. Therefore, this GC-model is easier to use with requirement of structure

of anionic surfactants and apply in a wide range type of anionic surfactants.
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4.6 Recommendations

In this work, some limitations of Krafft point GC-model include the
availability of the type of anionic surfactants that are covered by the model. To extend
the model to be used with various surfactants with various fractional groups, more
experimental data must be collected; however, these data are limited in this field. Apart
from the conventional surfactants, the effect of counterion ion of anionic surfactant is
of interest for including in the GC-model. Surfactants have been developed with
various counterion ions. Many works already showed the effect of counterion ions to
surfactant properties (Benrraou et al., 2003, Naskar et al., 2013). To cover these
surfactants with various counterion ions such as Li" and K" as those proposed by Rosen
et al. (2012) and the fluorocarbon surfactants proposed by Li ef al. (2005), more

experimental data are needed to be collected to develop the new group structures.



CHAPTER V
MEASUREMENT OF CHARACTERISTIC CURVATURE
FOR NONIONIC SURFACTANT

5.1 Introduction

Microemulsion formulation has been applied to the oil-water system for
reducing the interfacial tension between oil-water interfaces in many applications such
as enhanced oil recovery, additives for fuels, detergency, cosmetics and agrochemicals
(Paul et al., 2001). As its thermodynamic stability, microemulsion can stabilize two
immiscible phases in a single transparent homogeneous phase (Santos et al., 2017).
Surfactants are the chemical groups that can reach to microemulsion formulation.
According to their structures, surfactants are the combination of hydrophilic and
lipophilic parts that make the surfactant soluble in both aqueous and oil phases
(Shafiee Najafi et al., 2017). Surfactants can be divided into four types: anionic,
cationic, nonionic and zwitterionic surfactants, depending on charge of the hydrophilic
part (Burguera et al., 2012).

Microemulsion is typically divided into three types, named Winsor Type
system. Winsor Type I microemulsion is formed via oil solubilization as micelle in the
water phase (oil-in-water, O/W) whereas Winsor Type Il microemulsion is formed via
water solubilization as reverse micelle in the oil phase (water-in-oil, W/O). The
transition between Type I and Type Il is called Winsor Type III microemulsion. This
type of microemulsion can be observed as a separated phase in the middle between
water and oil phases (middle phase) (Baran, 2001) and divides the water and oil phases
into equal volume. For this type, the affinity of surfactant-oil matches to the affinity
of surfactant-water and the lowest interfacial tension between water and oil phases is
achieved. This situation is referred as the optimum formulation (Salager et al., 2005).

A tool for estimation of the optimum formulation of microemulsion is
Hydrophilic-Lipophilic Deviation (HLD) concept. Hydrophilic-lipophilic difference
(HLD) is a fundamental correlation to explain microemulsion system. This equation
was firstly proposed by Salager et al. (1979). Not only the potential of transferring

surfactants from the oil phase to the aqueous phase, but also the balances of each
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parameter (temperature, oil, water and salt) for the oil-water-surfactant system are
included in the correlation. In addition, HLD can determine the optimum formulation
of a system involving with various alcohols and divalent ions (Salager et al., 1979,
Acosta et al., 2012, Budhathoki et al., 2016). The HLD equations for ionic and
nonionic surfactants are expressed in Eq. 5.1 and Eq. 5.2, respectively (Castellino et
al., 2011):

For ionic surfactants,

HLD = In(S) - K¥EACN — f(A) — aAT + Cg Eq. 5.1
For nonionic surfactants,

HLD =b(S) - K¥*EACN —@(A) + cAT + Ccn Eq.5.2
where In(S) and b(S) are the function of salinity concentration in the aqueous phase in
g/100mL; b is the constant for nonionic surfactants; K is the slope of the logarithm of
optimum salinity in the ranges of 0.1 to 0.2 and it is an indicator of surfactant properties
(head part); EACN is the equivalent alkane carbon number which depends on the
nature of oil; the function f(A) and @(A) are the alcohol function depending on type
and concentration of additional alcohol; the variables a and ¢ are the temperature
coefficient at optimum salinity condition; AT is the temperature difference from a
reference temperature (typically 298 K); and C¢ and Ccn are the characteristic
curvature that is focused in this work and explained intensively in a later part.

The HLD value is related to the Winsor type of microemulsion. The negative
HLD value indicates the Winsor type I (O/W). For HLD of zero value, it is classified
as the Winsor type III (middle phase microemulsion). And the positive value of HLD
indicates the Winsor type II (W/O) (Jin et al.,, 2015). The phase transition of
microemulsion from Winsor type I to type III and continually to type II is occurred
together with the shift of a negative HLD value to a positive value (Castellino ef al.,
2011).

For the characteristic curvature (Cc or Cen), a negative value is defined as a
hydrophilic surfactant while a positive value is defined as a lipophilic surfactant. It is
important to imply the characteristics of surfactants since it is related to the type of
micelle forming in the oil-water-surfactant system (micelle or reverse micelle)
(Hammond et al., 2011). In many application, the microemulsion is needed to form the

ultra-low interfacial tension between the oil phase and water phase such as cleaning
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application (Acosta et al., 2007) and environmental remediation (Mao et al., 2015).
The HLD equation is one of the important tools that can be used to determine the
microemulsion system to achieve the ultra-low interfacial tension in specific
conditions. The Cc value is specific for each surfactant depending on the surfactant
structure and can be obtained experimentally. This work focused on the measurement
of Ccn for nonionic surfactant to correlate the HLD equation and achieve the HLD
value of zero.

Cen can be measured from a phase scan measurement and calculated by the
HLD equation. A simplified method proposed by Zarate-Mufioz et al. (2016) to
measure Cen of nonionic surfactants, specifically for commercial alkyl ethoxylate
nonionic surfactants. This method involve a temperature scan for reference surfactants
and then mixed the reference surfactant with other alkyl ethoxylate nonionic
surfactants to find Ccq value with the aid of an HLD equation. The linear mixing rule
was applied as an assumption of calculation. This method is simple and requires less

time for measurement.

5.2 Materials and Experimental

5.2.1 Materials

Sodium dihexyl sulfosuccinate (SDHS) with 80% active ingredients
from Sigma-Aldrich was used to determine EACN of alkane oils. Alkyl ethoxylate
surfactants were kindly supplied from Thai Ethoxylate Co. (C12-14EO1 Dehydol LS
1 TH, >99.7% active ingredients, C12-14EO2 Dehydol LS 2 TH, >99.7% active
ingredients, C12-14EO3 Dehydol LS 3 TH, >99.7% active ingredients, C12-14EO3
Dehydol LS 5 TH, >99.7% active ingredients, C12-14EO9 Dehydol LS 9 TH, >99.7%
active ingredients, C12-14EO12 Dehydol LS 12 TH, >99.7% active ingredients).
Marlox RT 42 (C16-18 with EO4-PO2), 100% active ingredients, Marlox RT 64 (C16-
18 with EO6-P0O4), 100% active ingredients were kindly donated from Sasol Chemical
North America LLC. Cyclohexane (99.8% purity) was purchased from Carlo Erba
Reagent. Synthesis grade decahydronaphthalene or decalin (99% purity of a mixture
of cis and trans isomers) and dodecane (99% purity) were purchased from Merck. AR

grade Hexane (95% purity) was purchased from RCI Labscan Limited. Heptane
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(99.5% purity) was purchased from Univar Canada Ltd. Hexadecane (99% purity)
from Acros Organics. AR grade sodium chloride (purity 99%) purchased from RCI

Labscan Limited was used to prepare different salinity from deionized water.

5.2.2 Optimal Salinity Measurement by Salinity and Temperature Scans

To identify the optimum formulation of surfactant/oil/water system
(SOW), the optimal salinity was determined in each condition to measure the phase
inversion point by salinity and temperature scans. The experimental procedure
followed the simplified method proposed by Zarate-Munoz et al. (2016). As
mentioned in Chapter 3, Figure 3.1 shows the schematic flowchart for Cen
measurement. All of experiments were conducted with 15 mL-flat bottom vials. To
prepare microemulsion formulation, 2 mL oil phase and 2 mL aqueous phase were
mixed thoroughly using a vortex mixer. The aqueous phase contains a fixed 0.1 M
concentration of surfactant, whereas the salinity of the aqueous phase is in the ranges
from 0 to 26 %wt/vol, where NaCl salt was added to ionized water to adjust the
salinity. It is noted that some SOW systems were hard to prepare the stock solution for
aqueous phase, especially the systems of dehydol LS 9 TH and dehydol LS 12 TH due
to the effect of polyethylene oxide to CMC of surfactant system (Barry ef al., 1976);

hence, these system were prepared from the pure solution.

Figure 3.1 Schematic flowchart of measurement of Ccn nonionic surfactant.
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5.2.3 EACN and C. Measurement

In this work the EACN measurement method adopted from Zarate-
Mufioz et al. (2016) was used to measure optimal salinity of surfactant-oil-water
systems. EACN of each oil was calculated directly from the HLD equation using K
and Cc values from the reference anionic surfactant SDHS (Acosta et al., 2003). This
calculation needs a precise optimal salinity to calculate the accurate EACN value. The
optimal salinity obtained from measuring a coalescence rate was not sufficiently
sensitive to distinguish the sample with the quickest time to reach a stable position (see
Figure 5.1) since all of them quickly reached a stable position. Therefore, the
measurement of IFT was necessary to find the optimal salinity for EACN
measurement. The IFT measurement was conducted by a dynamic measurement with
SVT 20 Spinning drop video tensiometer manufactured by Dataphysics. Briefly the
aqueous phase was injected into the fast exchange capillary as phase 1 and the oil phase
was injected as phase 2. The measurement was determined at 5000 rpm until the length
of the oil droplet is four times of its width and a stable condition was reached. The

optimal salinity is the salinity of a system with the lowest interfacial tension.

Figure 5.1 The change of phase behavior in the system of SDHS/Dodecane/Water

at room temperature.
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In addition, the emulsion stability using coalescence rate measurement
was still suitable for the determination of Ccn as shown in Figure 5.2. At 9%wt/vol salt,
the size of the middle phase still changed up to 60 minutes, while the size of the middle
phase at 10%wt/vol salt was stable since early 20 minutes. It seems that the emulsion
stability is more suitable to determine the optimal salinity of nonionic surfactant

systems.

Figure 5.2 Comparison between 9%wt/vol (upper) and 10%wt/vol (lower) salinity of

Dehydol LS 5 TH surfactant in dodecane oil system at different time.

5.2.4 Single surfactant system: salinity and temperature scan

For the single surfactant system, the salinity and temperature scans were
applied on the reference surfactants: Dehydol LS 3 TH, Dehydol LS 5 TH and Dehydol
LS 9 TH to find the optimal salinity. Oils with various EACN ranging from 3 to 16
were employed in the study. The temperature scans were conducted with 5 °C
temperature increment at each salinity. The maximum temperature of each oil was kept
below its flash point. The results were used to find the HLD parameters by regression

analysis.
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5.2.5 Mixed surfactant system: salinity scan

For the mixed surfactant system, only the salinity scan was applied. The
mole ratio of the reference surfactant to the test surfactant was varied from 0.1 to 0.9.
Oils with EACN ranging from 3 to 16 were also applied. The results were used to find
HLD parameters by using a linear mixing rule with known parameters from reference
surfactants (BaranJr. ef al., 1994, Witthayapanyanon et al., 2008, Acosta et al., 2008a,
Zarate-Mufioz et al., 2016).

5.3 Results and Discussion

5.3.1 Reference Qils for Ccn Measurement

To determine the EACN of each oil that related to the measurement of
characteristic curvature, the oil was mixed with SDHS to determine the EACN values.
The IFT measurement was applied to indicate the optimal salinity for the SOW system.
The results of IFT are shown in the Figure 5.3. The relationship between interfacial
tension and salinity is shown and the result was similar to the work of Salager et al.
(2013a). The minimum point in the graph indicates the optimal salinity due to the
suitable interaction of SOW system and leading to Winsor type III microemulsion with
the lowest interfacial tension of the SOW system (see Figure 5.4). However, the values
of IFT in mN/m reported in this work was not as low as the values observed in the
work of Zarate-Mufoz ef al. (2016) because this work used the dynamic interfacial
tension measurement where a separate preparation of aqueous and oil phases were
injected to the spinning drop tensiometer whereas the work of Zarate-Mufoz et al.
(2016) used the excess aqueous phase and excess oil phase extracted from an

equilibrated bicontinuous microemulsion vial.
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After finding the IFT and indicating the optimal salinity, the EACN of
oil was calculated. For the calculation, Eq. 3.1 was used with the K and C. values of
0.17 and -0.92, respectively, for SDHS (Zarate-Muioz et al., 2016). The EACN value
is reported in the Table 1. Considering the EACN of heptane, the EACN from the
experiment with heptane oil is equal to 6.8. This value is in agreement with the work

of Zarate-Mufioz et al. (2016).

Table 5.1 Summary of optimal salinity and EACN value and literature value

oil Optimal Salinity Caleulated EACN Literature EACN
(Yowt/vol) (Zarate-Munoz et al.)
Cyclohexane 4.4 33 33
Hexane 7.0 6.0 6.0
Heptane 8.0 6.8 6.8
Decalin 7.3 6.3 6.3
Decane 13.6 9.9 10.0
Dodecane 19.3 12.0 12.0
Hexadecane 17.4% 16.0 16.0

*This system was mixed with heptane in ratio 1 : 1 and used linear mixing rule for calculation the EACN

of hexadecane.

To choose the reference oils for measurement the characteristic
curvature of nonionic surfactants, the wide range of EACN value is needed to
accurately obtain the HLD parameters. All temperature scans were conducted below
the flash point of each oil (flash point of each oil is reported in Appendix A). It seems
that cyclohexane and hexadecane are suitable for the phase scan with the wide range
of EACN value (3.3-16). However, cyclohexane is not suitable at temperature above
room temperature. So, decalin was used to replace cyclohexane scan at high
temperature. Dodecane was also used to give higher accuracy to obtain the HLD

parameters at high temperature.
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For mixed surfactant systems, cyclohexane, heptane and decalin were
used to find the optimal salinity at room temperature because of their lower optimal
salinity as compared to other oils. The rest of the oils in the Table 5.1 (hexane and

decane) was used to discuss in the later part of this work.

5.3.2 Single surfactant systems

To determine the optimal salinity of SOW system, the coalescence time
was recorded to identify the optimal condition with the fastest phase inversion. The
aspects of SOW phase were also captured in each salinity. The coalescence time
measurement and phase behavior study of 0.1 M C12-14EOS5 with Dodecane at 35 °C
are shown in the Figures 5.5 and 5.6, respectively. The coalescence time at the optimal
salinity was clearly observed and corresponded to the phase occurrence with Winsor
type III (middle phase). It is noted that the reported coalescence time of 1,000 minutes
shown in Figure 5.5 was for those systems with a coalescence time greater than 1,000
minutes. Typically, the fastest coalescence rate of optimal point of each system were

in ranges of 10 to 200 minutes that was enough to reach the equilibrium within 3 — 5

minutes.

1200.00 Temp (°C) Salinity (%wt/vol) time (min)

1000.00 4 3 35 0.0 1000.00

= 800.00 15.0 1000.00

‘g 16.0 1000.00

- ©600.00 17.0 1000.00

§ 400.00 18.0 73.33

19.0 72.53

200.00 19.5 47.38

0.00 20.0 143.57

15.0 17.0 19.0 21.0 21.0 1000.00

Salinity (%owt/vol) 22.5 1000.00

Figure 5.5 Example of coalescence time results for 0.1 M C12-14EO5 with Dodecane
at 35 °C.
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Figure 5.6 Example of phase scan for 0.1 M C12-14EO5 with Dodecane at 35 °C.

It is of interest to note that the middle phase of the linear alkyl oil and
the cyclic oil is different. Figures 5.7a and 5.7b show the phase scan of 0.1 M Dehydol
LS 5 TH systems with cyclohexane and hexane as an oil phase, respectively while
Figures 5.8a and 5.8b show the systems of the same surfactant with decalin and decane
as an oil phase, respectively. The cyclic oil gave a more turbid and cloudy middle
phase while the straight-chain alkane gave a clear and light blue middle phase. To
compare a cyclic oil with a straight-chain alkane with similar EACN, Figures 5.9a and
5.9b show the phase behavior of 0.1 M Dehydol LS 5 TH systems with decalin (EACN
of 6.3) and heptane (EACN of 6.8), respectively. The phase scan also supports the
previous result of unclear middle phase of bicyclic oil. The decalin structure may have
some effects to this phenomena. Some works also reported the effect of oil structure
to middle phase (Jenkins et al., 2002, Sripriya et al., 2007). The causes may be from
the bulky structure of polycyclic alkane to form the different micelle.

Kabalnov et al. (1995) proposed that the unsaturated hydrocarbons have
a lower IFT as compared to the saturated hydrocarbon; for example, the IFT of
SDHS/cyclohexane/water system was 0.1948 mN/m while the SDHS/hexane/water
system was 0.5799 mN/m at the same salinity with 4 %NaClwt/vol. So, the amount of
salt for converting the type of microemulsion is lower in case of unsaturated
hydrocarbon system. That point is corresponding to phase scan in Figure 5.7 and 5.8,
the optimal salinity of cyclohexane is lower than hexane and optimal salinity of decalin

is lower than decane. It is noticed that the effect of unsaturated hydrocarbon is similar
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to the effect of EACN; for example, the EACN of decalin is 6.3 while the EACN of

decane is 10 with the same amount of carbon atoms.

Figure 5.7 The phase scan of 0.1 M Dehydol LS 5 TH with (a) cyclohexane (b) hexane
at 25 °C.

Figure 5.8 The phase scan of 0.1 M Dehydol LS 5 TH with (a) decalin (b) decane at
25 °C.

Figure 5.9 The phase scan of 0.1 M Dehydol LS 5 TH with (a) decalin (b) heptane at
25 °C.
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After carrying the temperature scan for reference surfactants, the effect
of temperature to the optimal salinity, which indicates the phase inversion was
observed using three different EACN oils: decalin, dodecane and hexadecane. Figure
5.10 shows the relationship of temperature and optimal salinity in each surfactant: (a)
Dehydol LS 3 TH (b) Dehydol LS 5 TH (c) Dehydol LS 9 TH. The results show that
when the temperature increased, the lower optimal salinity was observed similar to the
work of Zarate-Mufioz ef al. (2016). The optimal solubilization of oil and water in the
middle phase is the function of temperature. The optimal salinity decreased as the
temperature increased (Schramm, 2009). Arachchilage et al. (2018) also clarified this
results from their work. They found that the solubility of the SOW system containing
the mixed anionic surfactant increased with the temperature. In contrast, the SOW
solubility of the systems with nonionic surfactant decreases with increasing
temperature, leading to the decrease in optimal salinity. Similar trend was observed in
literatures that nonionic surfactants are strongly sensitive with temperature. In some
cases these nonionic surfactants are limited for use in a number of applications such
as cleaning and dispersion due to their temperature-sensitive property (Lindman ef al.,
2016).

Figure 5.11 also shows the increasing in optimal salinity with increasing
EACN of the reference oils (cyclohexane, decalin, hexane, dodecane and hexadecane)
at room temperature as higher EACN required higher electrolyte concentrations to
convert microemulsion from O/W to W/O shifting through Winsor type Il (Zarate-
Muioz et al., 2016).

Another interesting issue is the effect of EO group to the observed
optimal salinity. Figure 5.12 shows that the optimal salinity increased in a linear
function with increasing number of EO groups for all reference oils and temperature
scans. The addition of NaCl makes water a more polar phase and Winsor type III
microemulsion becomes oil-rich (Kabalnov et al., 1995). So, if the nonionic surfactant
containing shorter EO chain in structure is already more soluble in oil, the amount of
needed salt to make Winsor type Il microemulsion becomes oil-rich is lower than the
surfactant containing longer EO chain. In addition, the addition of polyoxyethylene

structure increased the repulsive force in the surfactant head group along their chain;
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hence, it requires higher salinity to achieve the optimal condition (Kunieda et al.,

2001).
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Figure 5.11 Effect of EACN to optimal salinity in each surfactant (a) Dehydol LS 3
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Figure 5.12 Effect of number of EO to optimal salinity in each oil (a) cyclohexane
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To obtain HLD parameters of all reference surfactants, the results of the
salinity and temperature scans of reference surfactants with different EACN oils
ranging from 3 to 16 were used. A regression analysis was performed by minimizing
the summation of relative deviation between the experimental optimum salinity and
the regressed values to obtained K, C., Cr, and b. The regressed values of HLD
parameters are shown in the Table 5.2. Since NaCl was used to adjust salinity of the
system, it is reasonable to assume the parameter b as a constant with a value of 0.13
for alcohol nonionic surfactants (Salager et al., 2001).

The C. value of Dehydol LS 9 TH was the highest negative value while
Dehydol LS 3 TH was the lowest negative value. The results are justified as the higher
solubility in the aqueous phase was observed with higher number of EO groups
contained in the structure; hence, a more negative value of C. was also achieved.

The K parameter is the property of the head group of the surfactants
with values ranging from 0.1 to 0.2. The regressed K from this study corresponded to
the theory even though there was no obvious trend of the three surfactants in this study.
The ct parameter is the temperature coefficient at optimal condition and the regressed
cr from this study was 0.03-0.05 for all three surfactants. The cr parameter
corresponded to the previous work (Zarate-Muioz et al., 2016).

The reliability and accuracy of the regression results are shown in the
Figures 5.13, 5.14 and 5.15 for Dehydol LS 3 TH, Dehydol LS 5 TH and Dehydol LS
9 TH, respectively, where the experimental optimal salinity was plotted with the
regressed value. The R-square of these plots are higher than 0.95 for all systems,

indicating of a very good fit and high accuracy of the results.
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o b(g/100 mL)! 4
Nonionic surfactants K Ce ct (°C)
(Salager et al., 2001)
Dehydol LS 3 TH 0.13 0.13 -0.41 0.03
Dehydol LS 5 TH 0.13 0.16 -0.91 0.05
Dehydol LS 9 TH 0.13 0.13 -2.21 0.05
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Figure 5.13 Parity plot of the experiment optimal salinity and the regressed value of

Dehydol LS 3 TH system.
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Figure 5.14 Parity plot of the experiment optimal salinity and the regressed value of

Dehydol LS 5 TH system.
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For other extended nonionic surfactants, there are Marlox® RT42 and
Marlox® RT64 that contain both EO and PO groups in their structure with the alkyl
chain length of C16-18. The salinity and temperature scans were also applied to these
surfactants. The results show that the type of microemulsion of Marlox® RT42 was
W/O microemulsion (Winsor type II) at low salinity, in contrast with the previous
results from EO surfactants. When the salinity of the system increased, the O/W
microemulsion (Winsor type ) was observed (around 7-9%wt/vol of salinity). Further
increase in salinity of the system, the phase of SOW system changed back to the W/O
microemulsion. From the salinity scan, the middle phase (Winsor type III) was not
obviously observed. The first remark was the W/O microemulsion from the system.
From the structure of Marlox® RT42 as shown in Figure 5.16, the polar part that
contains oxygen atoms, excluding PO group (Salager ef al., 2013b) is too short as
compared to the long length of alkyl chain or non-polar part. The feature of their
structure is more oil soluble; hence, W/O microemulsion was observed.

For more observation, the temperature scan was applied to the system.
However, the results show that there was no difference between phase scan at 40 and
90 °C (see Figure 5.17). Marlox® surfactant was still oil-liked surfactant and the
optimal salinity was not found. Therefore, the salinity and temperature scans were not
appropriate to find the C. of Marlox® surfactants. Therefore, Marlox® surfactants

were considered in the experiment of mixed surfactant systems in the next section.

CH;

H,C 0 CH CH, 0 CH, CH, 0 CH CH, OH

'j,‘ CH, | CH, o CH CH, o CH, CH, o CH,

m=15-17
CH;

Figure 5.16 The brief molecular structure of Marlox® RT42.
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Figure 5.17 The phase scan for 0.1 M Marlox® RT42 with hexadecane at 40 °C and
90 °C.

5.3.3 Mixed Surfactant Systems

According to, The calibrated HLD parameters from the single
surfactant experiment were used to determine the C. value of other alkyl ethoxylate
nonionic surfactants (Zarate-Mufioz et al., 2016). In the mixed surfactant system, three
different oils including cyclohexane, heptane and decalin with ranges of EACN values
from 3.3 to 6.8 were carried on with 0.1 to 0.9 ratios of a reference surfactant to the
test surfactant. To determine the C. value of the test surfactant, Eq. 5.2 was considered

at the optimal condition in the mixed surfactant systems:

HLD = b(Spix) — Kmix X EACN + Cenmix + Crmix (T — Tref) Eq.5.3

A linear mixing was applied to obtain the Kmix value for the mixed
system (Acosta et al., 2008a, Budhathoki et al., 2016). Since the test surfactants are in
the same series of ethoxylate nonionic surfactants as the reference surfactants, i.e.
same head group, it is reasonable to assume an equal K value of the test surfactants
and the reference surfactants. The salt parameter b was assumed to be equal since NaCl
was used in both experiments. In addition, the experiments were conducted at room
temperature (25 °C); hence, the temperature term in Eq. 5.3 is equal to zero and no
need to determine the value of cr. Equating Eq. 5.2 and Eq. 5.3, the HLD equation at

optimal salinity and room temperature becomes:



* _ * Cc,ref_ Cc,mix
Smix - Sref + ( b )
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Eq.5.4

To obtain the high accuracy of C. values of the test surfactants, the

linear mixing rule was applied to the C¢ mix:

Cc,mix = Ytesth,test + (1 - Ytest) Cc,ref

Combining and rearranging Eq. 5.4 and 5.5, Eq. 5.4 becomes

C —C
* _ C* cref —Lctest
Smix — “ref + ( b )Ytest

Eq. 5.5

Eq. 5.6

The optimal salinity of each mixed surfactant system was plotted versus

the ratio of test surfactant and reference surfactant. C. value of the test surfactant was

determined from the slope of this plot, given a constant b value of 0.13 according to

Salager et al. (2001) for ethoxylate nonionic surfactant. Figures 5.18, 5.19 and 5.20

show the plot of optimal salinity in mixed surfactant systems with different reference

surfactants: dehydol LS 3 TH, dehydol LS 5 TH and dehydol LS 9 TH, respectively.
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Figure 5.18 The plot between optimal salinity versus mole fraction of test surfactant
with 3 oils using dehydol LS 3 TH as reference surfactant at room temperature
(25 °C) with different test surfactants (a) dehydol LS 1 TH (b) dehydol LS 2 TH and
(c) dehydol LS 12 TH.
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Figure 5.19 The plot between optimal salinity versus mole fraction of test surfactant
with 3 oils using dehydol LS 5 TH as reference surfactant at room temperature
(25 °C) with different test surfactants (a) dehydol LS 1 TH (b) dehydol LS 2 TH and
(c) dehydol LS 12 TH.
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Figure 5.20 The plot between optimal salinity versus mole fraction of test surfactant
with 3 oils using dehydol LS 9 TH as reference surfactant at room temperature

(25 °C) with different test surfactants (a) dehydol LS 1 TH (b) dehydol LS 2 TH.

A linear relationship between the optimal salinity and the increasing
ratio of the test surfactant to the reference surfactant was observed in all surfactant
systems as illustrated in Figures 5.18-5.20 as a result of a reduction in the repulsive
force between hydrophilic parts in the mixed nonionic surfactant system (Kunieda et
al., 2001). Hence, the optimal salinity was decreased in the mixed surfactant system
with dehydol LS 1 TH and dehydol LS 2 TH as a reference surfactant. For the mixed
systems with dehydol LS 12 TH, the optimal salinity increased due to the long length
of polyethoxylate chain of the hydrophilic part as compared to the reference surfactant.
As the ratio of dehydol LS 12 TH was higher, a higher optimal salinity was observed;
however, the experiment was limited by the maximum optimal salinity of 26%wt/vol
NaCl that could be prepared in this study for the phase inversion scans. Therefore,
there are some missing data at high concentration of dehydol LS 12 TH (see Figures
5.18c and 5.19¢).

For the mixed surfactant systems of dehydol LS 12 TH as the test
surfactant and the dehydol LS 9 TH as the reference surfactant, no optimal salinity was

observed. Although the single surfactant system of dehydol LS 9 TH can promote the
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Winsor type III microemulsion with cyclohexane as an oil phase at room temperature,
the mixed systems of dehydol LS 9 TH and the longer chain hydrophilic ethoxylates
such as dehydol LS 12 TH would require salinity higher than the maximum limit of
26%wt/vol NaCl in this study to formulate the Winsor type III microemulsion.

From these results, the slope from each trend line of the mixed system
was used to calculate the C. value of the test surfactants using Eq. 5.6. The C. value
of the test surfactant was the value that gave the smallest absolute average deviation
between the experimental and calculated optimal salinity among the three alkane oils.

The results of C. values in each mixed surfactant system are shown in Table 5.3.

Table 5.3 The C. value of test surfactants with different reference surfactant

Test surfactants | Reference surfactants C. VoAbsolute
average deviation

Dehydol LS 3 TH 0.02 +£0.08 7.10

Dehydol LS 1 TH Dehydol LS 5 TH 0.39+0.18 6.72
Dehydol LS 9 TH 0.32+0.03 243
Dehydol LS 3 TH -0.09 £0.01 3.33

Dehydol LS 2 TH Dehydol LS 5 TH -0.17 £0.08 2.71
Dehydol LS 9 TH -0.22 £0.26 6.11
Dehydol LS 3 TH -3.66 £0.23 6.61

Dehydol LS 12 TH Dehydol LS 5 TH -4.03 £0.61 9.37
Dehydol LS 9 TH - -
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However, there was still a variation among the C. values of the test
surfactant obtained from each reference surfactant as seen in Table 5.3. According to
Zarate-Mufioz et al. (2016), the selected C. value of the test surfactant was obtained
from the test and reference surfactant pair that give high R-square value of the plot
between optimal salinity and mole fraction of test surfactant. If the R-square values
were close or above 95%, that reference surfactant is suitable for specified test
surfactants while if R-square values were close to zero, the reference surfactant was
not promoting the phase transition of the test surfactant, meaning that the C. of
reference surfactant was close to the test surfactant. However, all of the R-square
values of each test and reference pair in this study were higher than 95%; hence, all
reference surfactant was suitable and could promote the phase transition (see Figure

5.21).

35.0
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T; 30.0 with cyclohexane
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S b
>, 20.0 A
‘g A AT ODechydol LS 1 TH
=150 ;.4
ig ‘@‘@ R® = 0.9861 ODehydol LS 2 TH
g 10.0 i ‘::g"::@ﬁ.ﬂlﬂ‘"ﬂ”‘E‘"-El- - ADehydol LS 12 TH
& 50 O og..,

R2=0.9628
0.0 —r—r—"—"F—"—"+——F+——F——
0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction of test surfactant

Figure 5.21 Optimal salinity for the test surfactant using Dehydol LS 5 TH as a

reference surfactant and cyclohexane as oil in SOW system at 25 °C.

This study decided to select by considering other factors. The absolute
average deviation should be considered. When the absolute average deviation of test
surfactant were compared among the different reference surfactants, it seems that the
system with the lower absolute average deviation should be selected, for example, the

C. values of dehydol LS 1 TH from dehydol LS 9 as reference surfactant showed the
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lowest absolute average deviation (in Table 5.3). Therefore, the C. value of 0.32 was
selected for dehydol LS 1 TH. For dehydol LS 2 TH, the lowest absolute average
deviation was from the mixed system with dehydol LS 5 TH as a reference surfactant;
however, the standard deviation of this C. value is around 50% (with -0.17 + 0.08 in
Table 5.3). Therefore, the C. value from dehydol LS 3 as a reference surfactant is more
suitable with low absolute average deviation and standard deviation (with -0.09 +
0.01). It shows that both absolute average deviation and standard deviation of all
systems are needed to determine before making a selection. The summary of selected

C. is shown in Table 5.4.

Table 5.4 The selected Ce,, of test surfactants

Test surfactants Reference surfactants Selected Cc
Dehydol LS 1 TH Dehydol LS 9 TH 0.32
Dehydol LS 2 TH Dehydol LS 3 TH -0.09
Dehydol LS 12 TH Dehydol LS 3 TH -3.66

Figure 5.22 shows a linear relationship between the C. values with the
number of ethoxylate groups with a high R-square of 99%. It is noted that the C. value
of dehydol LS 1 TH is positive in contrast with other surfactants with longer EO
groups, meaning that dehydol LS 1 TH presents lipophilic property; hence, the selected
C. values were reasonable and could represent the physical property of the studied

surfactants.
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Figure 5.22 The relationship of number of EO group and Ce, of reference and test

surfactants.

To evaluate the C. values compared to their structure, Figure 5.23
shows the simple apprehensive. As the number of ethoxylate groups is higher, the more
negative C. value was observed due to the increasing of their solubility in the aqueous
phase. It also confirmed that the presence of ethoxylate structure gave the surfactant
more soluble in the aqueous phase; however, dehydol LS 1 TH is still lipophilic
surfactant because the additional ethoxylate group is not enough to give hydrophilic
property to the whole surfactant as the hydrophilic part was too short as compared to

hydrophobic alkyl chain.

Figure 5.23 The C., relationship of a ethoxylate nonionic surfactant series.



89

5.3.4 Mixed Marlox® Surfactant Systems

From single surfactant systems, this work observed that the temperature
scan cannot be used to identify the obvious phase inversion point (see Figure 5.17);
hence, the mixed surfactant system was applied. The results was analyzed from
varying the mole fraction of test surfactant with three different oils: cyclohexane,
heptane and decalin and observed at room temperature (25 °C). The observed optimal
salinity gave the decreasing trend; likewise, the trend of optimal salinity in mixed

surfactant system of C12-14EO1 and C12-14EQO2 (see Figures 5.24 and 5.25).
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Figure 5.24 The plot between optimal salinity versus mole fraction of test surfactant
with 3 oils using Marlox® RT42 as test surfactant at room temperature
(25 °C) with different reference surfactants (a) dehydol LS 3 TH (b) dehydol LS 5 TH
and (c) dehydol LS 9 TH.
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Figure 5.25 The plot between optimal salinity versus mole fraction of test surfactant
with 3 oils using Marlox® RT64 as test surfactant at room temperature
(25 °C) with different reference surfactants (a) dehydol LS 3 TH (b) dehydol LS 5 TH
and (c) dehydol LS 9 TH.
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Similar to the mixed systems in the previous section, a decreasing trend
was observed when Marlox® was used as the test surfactants due to the reduction of
repulsive force between the hydrophilic heads (Kunieda et al., 2001). However, the
mixed system with Marlox® gave higher decline of slope (i.e. higher negative slope)
in the plot between the mole fraction of test surfactant and the optimal salinity. This
behavior came from the more oil-like structure of Marlox® surfactant as compared to
polyethoxylate surfactant. The Marlox® RT42 and Marlox® RT46 contain longer
hydrophobic chain of alkyl chain with 16-18 carbon atoms and another hydrophobic
part is propoxylate structure that is less soluble in water as observed in Salager’s work
(Salager et al., 2013b). Moreover, these surfactants contain highly hydrophilic part
with only ethoxylate groups, 4 groups for Marlox® RT42 and 6 groups for Marlox®
RT64. It seem that the hydrophilic part is too small as compared to hydrophobic part;
hence, when Marlox® surfactant was mixed with more hydrophilic surfactant,
especially dehydol LS 9 TH that contains 9 groups of ethoxylate structure, the results
gave the high value of decline. Furthermore, the phase inversion point was not
observed at high mole fraction of test surfactant (around 0.8-0.9). The observed phase
was Type II microemulsion (W/O microemulsion) even if the phase scan was carried
out at low salinity content as shown in Figure 5.26. The oil-like structure of Marlox®

surfactants also clarify this observation.

Figure 5.26 The phase scan of mixed surfactant system between C12-C14EO9 and
Marlox® RT64 in cyclohexane with 0.9 mole fraction of test surfactant at room

temperature.
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Therefore, the characteristic curvature that were calculated from these
slope in the plot are corresponding with oil-like structure of Marlox® surfactants with

the positive characteristic curvature as shown in Table 5.5.

Table 5.5 The C. value of Marlox® surfactants with different reference surfactant

% Absolute
Test surfactants | Reference surfactants Ce
average deviation
Dehydol LS 3 TH 0.89 £ 0.04 7.28
Marlox® RT42
Dehydol LS 5 TH 0.60+0.11 6.26
(C16-18PO2EO4)
Dehydol LS 9 TH 0.55+0.07 5.85
Dehydol LS 3 TH 2.19+0.44 11.31
Marlox® RT64
Dehydol LS 5 TH 1.36 +£0.04 13.67
(C16-18PO4EQO06)
Dehydol LS 9 TH 1.14 £0.08 2.74

The criteria of selecting the suitable C. value from different reference
surfactants was similar to the mixed surfactant systems in the previous section. The
standard deviation was calculated from average value of three different oils and
percentage of absolute average deviation was considered between the observed
optimal salinities and the calculated values using HLD equation. This study considered
the standard deviation of value and percentage of absolute average deviation. For
Marlox® RT42, the value of 0.55 in system that used dehydol LS 9 TH as the reference
surfactant was selected due to the lowest %AAD and low standard deviation. For
Marlox® RT64, the C. also was selected from the system that used dehydol LS 9 TH
as reference surfactant with the C. value of 1.14. The summary of selected C. for

Marlox® is shown in Table 5.6.
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Table 5.6 The selected Cen of Marlox® surfactants

Test surfactants Reference surfactants Selected C.
Marlox® RT42 Dehydol LS 9 TH 0.55
Marlox® RT64 Dehydol LS 9 TH 1.14

In discussion of two selected values, Marlox® RT64 gave the more oil-
like surfactant than Marlox® RT42. Considering the ratio of ethoxylate and
propoxylate group (EO/PO), the higher EO/PO ratio identifies the higher amount of
water-like structure containing in the Marlox® surfactant. From the experimental
results and molecular structure of Marlox® surfactant, the EO/PO ratios are 2 and 1.5
for Marlox® RT42 and for Malox® RT64, respectively. The higher EO/PO ratio, the
lower C. value was observed. The lower C. or more negative C. value indicates the
more water-soluble surfactant (Acosta et al., 2008b). Therefore, Marlox® RT42 is
more water-like surfactant than Marlox RT64 that is more oil-like surfactant as

illustrated in the schematic of molecular structure in Figure 5.27.

Figure 5.27 The molecular structure of Marlox® RT42 and Marlox® RT64.
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5.4 Conclusions

The measurement of the characteristic curvature of nonionic surfactant by
using the simplified method from Zarate-Muiioz et al. (2016) gave the reasonable
results. The polyethylene oxide nonionic surfactants showed the linear relationship
between molecular structure and characteristic curvature. The trend of characteristic
curvature values were determined with their structures in different ethylene oxide
group (EO group). If the nonionic surfactant contained more EO group, the more
negative value of characteristic curvature was observed. For Marlox® surfactants that
contain both polyethylene oxide (EO group) and polypropylene oxide (PO group)
groups, the characteristic curvature value were more positive to represent the oil-like
surfactant as compared to the series of alcohol polyethylene oxide surfactants.
Additional observation is the ratio of EO and PO groups in the Marlox® surfactants.
If the ratio of EO/PO is lower, the more positive value of characteristic curvature is

observed when considering the same alkyl chain length.



CHAPTER VI
CHARACTERISTIC CURVATURE MODEL

6.1 Introduction

Surfactants are general chemicals that are used for many emulsifying systems,
especially surfactant/oil/water system (SOW), for example, enhanced oil recovery
process, solid dispersion manufacturing process and pharmaceutical industry
(Chaudhari et al., 2017). The key property for selection of surfactants for a certain
application is their solubility. Surfactant structure is composed of the hydrophilic (head
part) and hydrophobic parts (tail part). The hydrophilic part can dissolve in aqueous
phase and the hydrophobic part can dissolve in oil phase or non-polar phase. This
structure makes the surfactant soluble in two immiscible phase. Surfactants can be
categorized into four types, depending on their hydrophilic head. The hydrophilic head
that contains negative charge is known as anionic surfactant while the surfactants with
positively charged head is known as cationic surfactant. The surfactants that contain
both negative and positive charges are called zwitterionic surfactants. If there is no
charge on the head part, the group of surfactants are called nonionic surfactant. The
use of each type of surfactants depends on a specific system and other related
chemicals.

One of the key property for surfactant selection for any application is its
characteristic curvature. Characteristic curvature (Cc) presents the hydrophobicity of
the surfactant when the surfactant is applied to the water-oil system (Hammond ef al.,
2011). The value of C. indicates the trend of a surfactant to be soluble in aqueous and
oil phase. If the C. shows a positive value, the surfactant tends to form reverse micelle
and likes to dissolve in an oil phase while a positive C. value indicates that the
surfactant tends to form normal micelle and likes to dissolve in an aqueous phase
(Acosta et al., 2008b). The C. property is one of the parameters in a hydrophilic-
lipophilic difference (HLD) equation that is used to estimate type of microemulsion of
an SOW system (Acosta et al., 2008a). The HLD equations for ionic and nonionic
surfactants are expressed in Eq. 6.1 and Eq. 6.2, respectively (Castellino et al., 2011):
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For ionic surfactants,
HLD =In(S) - K*EACN — f(A) — aAT + C¢ Eq. 6.1
For nonionic surfactants,

HLD = b(S) - K*EACN —¢(A) + ctAT + Cen Eq. 6.2

where In(S) and b(S) are the function of salinity content in the aqueous phase
(g/100mL); b, K, a and cr are the constants depending on type of surfactants; EACN
is the equivalent alkane carbon number of oil; the function f(A) and ¢@(A) are the
alcohol function; AT is the temperature difference from a 25 °C; and C. and C., are
the characteristic curvature.

For the characteristic curvature, there are some works that developed the
model for prediction C. value of anionic (Hammond et al., 2011) and nonionic
surfactants (Zarate-Mufioz et al., 2016), shown in Eq. 6.3 and 6.4). These model
showed the relationship that C. value is the function of molecular structure; however,
the available models cannot be used for various surfactant structures and are limited
for some groups of surfactant such as polyoxyethylene surfactant. Therefore, the

prediction method to estimate the characteristic curvature of surfactant is needed.

For ionic surfactants proposed by Hammond et al. (2011),
Cc=ClxCL+C2xCup+C3xCp+C4 Eq. 6.3
For nonionic surfactants proposed by Zarate-Mufioz et al. (2016),

Cen=0.28 x Ncs + 2.4 - Ngs Eq. 6.4

Group-Contribution method is the method based on a concept of summation
of structural dependent parameter multiplied by the frequency of occurrence of that
molecular fragment in a molecule to obtain the chemical property with an assumption
of no interaction between the molecular fragments (Joback et al., 1987). This method
has the advantages of fast prediction with simple computational tool but lack of
accuracy in the prediction of isomers (Marrero ef al., 2001). Marrero et al. (2001) has
overcome this over-simplification of the original group contribution model by
performing this method in three levels. The first level covers variety of simple

molecular fragments but still cannot differentiate among isomers. The second level
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includes groups that can describe proximity effects such as polyfunctional groups and
isomers. The size of molecular groups in this second level is the fragmented groups
with carbon number from 3 to 6 including aromatic one ring or cycloalkane. The third
level adds more complex structural groups such as polyfunctional cyclic and acyclic
structures. The carbon number of molecule fragments of the third level ranges from 7
to 60. By the concept of multilevel approach, the contributions of the higher-order
levels are used to correct the over-simplification of the lower levels (Mattei et al.,
2013). A generic relationship of the fractional groups in all three levels to the target

property is shown in Eq. 6.5.

fX) = XiN;Ci + X M;D; + ¥ OxEy Eq. 6.5

Where f(X) is a function of the target property that depends on three terms of group
contribution: first-order group, second-order group and third-order group. C; is the
contribution of the first-order group multiplied with N; that is the number of group
occurrences in type-i chemicals. Dj is the contribution of the second-order group
multiplied with M; that is the number of group occurrences in type-j chemicals. Also,
Ex is the contribution of the third-order group multiplied with Oy that is the number of
group occurrences in type-k chemicals.

The group contribution concept has been widely used to estimate various
properties including specific properties of chemical substances such as boiling and
freezing points, critical properties, heat capacity, viscosity (Joback et al., 1987);
enthalpy of formation (van Speybroeck et al., 2010, Hukkerikar et al., 2013); Gibbs
free energy (van Speybroeck ef al., 2010); Hildebrand solubility parameter (Roughton
et al., 2012, Kulajanpeng et al., 2016). Some specific properties of surfactants such as
cloud point (Mattei et al., 2014), CMC (Mattei et al., 2013) have been estimated by
the group contribution concept.

This work focused on the development of characteristic curvature prediction
for anionic and nonionic surfactants. The group contribution model based on Marrero

et al. (2001) was applied for developing of the C. models.
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6.2 Methodology

6.2.1 Data Collection

The database of characteristic curvature was collected from many literatures.
The various surfactant structures are needed to make the GC model more accurate and
practical for variety of surfactants. For anionic surfactants, 33 anionic surfactants were
collected, including sodium alkyl carboxylate (Abbott, 2015), sodium alkyl-
propoxylate sulfate (Witthayapanyanon et al., 2008, Abbott, 2015, Budhathoki et al.,
2016), sodium branched alkyl-propoxylate sulfate (Hammond et al., 2011, Abbott,
2015) and some anionic surfactants containing cyclic and aromatic structures (Acosta
et al., 2008b, Hammond et al., 2011, Abbott, 2015). For nonionic surfactants, 25
nonionic surfactants were collected and combined with additional data from
experiment in Chapter 5. The surfactant structures covered for characteristic curvature
model of nonionic surfactants, including alkyl ethoylate (Abbott, 2015, Zarate-Mufioz
et al., 2016), alkyl phenyl ethoxylate, alkyl glucoside and polysorbate structures
(Abbott, 2015) .

Table 6.1 Database of characteristic curvature of 33 anionic surfactants

Anionic Surfactants C. References
SDHS Na Dihexylsulfosuccinate -0.920 Abbott (2015)
SDBS Na Dodecyl Benzene sulfonate -0.900 Abbott (2015)
SDS/SLS Na Dodecyl Sulfate -2.500 Hammond ef al. (2011)
Sodium Octanoate -3.000 Abbott (2015)
Sodium Decanoate -2.550 Abbott (2015)
Sodium Dodecanoate -2.100 Abbott (2015)
Sodium stearate -0.750 Abbott (2015)
Sodium Oleate -1.700 Abbott (2015)
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Table 6.1 Database of characteristic curvature of 33 anionic surfactants (Continued)

Anionic Surfactants Cec References
Sodium Dimethylnaphthalene sulfonate -3.500 Abbott (2015)
Sodium Strearoyl glutamate -5.000 Abbott (2015)
Lecithin 4.000 Abbott (2015)
NaC12PO4Sulfate -1.900 Abbott (2015)
NaC12PO6Sulfate -1.600 Abbott (2015)
NaC12PO10sulfate -1.000 Abbott (2015)
NaBrancedC12PO4Sulfate -1.400 Abbott (2015)
NaBrancedC12PO6Sulfate -1.100 Abbott (2015)
NaBrancedC12PO8Sulfate -0.800 Abbott (2015)
NaBrancedC12PO10Sulfate -0.500 Abbott (2015)
NaBrancedC14PO8Sulfate -0.600 Abbott (2015)
NaC12PO14EO2sulfate 0.740 Abbott (2015)
NaC10PO18EO2Sulfate 1.990 Abbott (2015)
NaC8PO4Sulfate -2.480 Budhathoki et al. (2016)
NaC8PO4EOSulfate -2.470 Budhathoki et al. (2016)
NaC10PO4EOSulfate -2.220 Budhathoki et al. (2016)
NaC10PO4Sulfate -2.150 Budhathoki et al. (2016)
NaC12EO3Sulfate -2.890 Budhathoki ef al. (2016)
Sodium naphthenate -2.400 Acosta et al. (2008b)
NaC12-15EO2Sulfate -2.970 Witthayapanyanon et al. (2008)
NaC12-13PO8Sulfate -0.784 Witthayapanyanon et al. (2008)
NaC12-13PO3Sulfate -1.770 Witthayapanyanon et al. (2008)
Br-Oxo 123 -1.550 Hammond ef al. (2011)
TDA -1.610 Hammond et al. (2011)
L-Oxo0l123 -1.950

Hammond et al. (2011)




Table 6.2 Database of characteristic curvature of 33 nonionic surfactants

Nonionic surfactants C. References

C6EO3 0.100 Abbott (2015)
C6EO4 -1.600 Abbott (2015)
C8EO4 0.300 Abbott (2015)
C8EO5 -1.000 Abbott (2015)
C9EO4.5 0.420 Zarate-Mufioz et al. (2016)
C9EOS -0.080 Zarate-Mufioz et al. (2016)
C10EO4 1.300 Abbott (2015)
C10EO6 -0.900 Abbott (2015)
C11.5EO5 0.620 Zarate-Mufioz et al. (2016)
iC13EO8 -1.960 Zarate-Mufioz et al. (2016)
C14EO7 -0.700 Abbott (2015)
C9PhEO2 1.000 Abbott (2015)
CI9PhEOS 0.120 Abbott (2015)
C9PhEO9 -1.600 Abbott (2015)
C15H3405 3.500 Abbott (2015)
CasHs2012 -0.800 Abbott (2015)
CasHooO13 4.000 Abbott (2015)
C16EO14 -2.900 Abbott (2015)
C10Glucoside -1.700 Abbott (2015)
C12Glucoside -1.000 Abbott (2015)
CI9GEO6 -1.080 Zarate-Mufioz et al. (2016)
iC13EO6 0.040 Zarate-Mufioz et al. (2016)
C12E06.5 -1.200 Abbott (2015)
C58H114026 -7.900 Zarate-Mufioz et al. (2016)
C64H124026 -3.700

Zarate-Mufioz et al. (2016)
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Table 6.2 Database of characteristic curvature of 33 nonionic surfactants (Continued)

Nonionic surfactants C. References
C12-14E01 0.32 Experiment in this work
C12-14E02 -0.09 Experiment in this work
C12-14E03 -0.41 Experiment in this work
C12-14E0O5 -0.91 Experiment in this work
C12-14E09 -2.21 Experiment in this work
C12-14E012 -3.66 Experiment in this work
C16-18PO2EO4 0.55 Experiment in this work
C16-18PO4EO6 1.14 Experiment in this work

6.2.2 Development of Group Contribution Model

In the development of GC model, the collected database from the
previous step were analyzed. A few surfactants of each anionic and nonionic were kept
aside and not used in the development of the model for later used in the model
verification. The C. data used to develop the model must be able to represent various
structures of surfactants with enough data points for each repeating structure such as
NaC12PO4sulfate, NaC12PO6sulfate and NaC12PO10sulfate that were used to
represent the polypropylene oxide series of anionic surfactants.

To develop a model for characteristic curvature (Cc) an appropriate
form of the property function f(X) is needed to be analyzed. Figures 6.1 and 6.2 show
the effect molecular structures to the characteristic curvature of anionic and nonionic
surfactants, respectively. The polypropylene oxide (-PO-) tends to have a linear
relationship with the characteristic curvature of anionic surfactants while polyethylene
structure (-EO-) is a linear function with the characteristic curvature of nonionic
surfactants. Although some slight deviation from linearity was observed in dodecyl
alcohol ethylene oxide surfactant (see Figure 6.2) and the surfactants with

polypropylene oxide (-PO-) groups (see Figure 6.1b), an approximated linear
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relationship between molecular fractions and C. was still acceptable; hence, a linear
relationship between the property function f(X) and the contribution of molecular

fractions was justified. Eq. 6.5 then becomes:

Cea = X NiCj + X MjD; + X OgEy + constant Eq. 6.6
Cen = X NiG; + X M;D; + Xy OgEy + constant Eq. 6.7

where Cca and Cen represent the characteristic curvature of anionic and nonionic
surfactants, respectively. The coefficients in the equation were determined as

explained in the next step.
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Figure 6.1 A linear relationship between (a) polypropylene oxide (-PO-) group, (b)

length of carbon chain and characteristic curvature of anionic surfactants.
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Figure 6.2 A linear relationship between the polyethylene oxide (-EO-) group and the

characteristic curvature of nonionic surfactants.

6.2.3 Correlation Analysis

In this step, the regression analysis was applied to determine the
contribution values of each molecular fractions as proposed by Marrero et al. (2001).
The values of contribution of each molecular fragment was fitted through a regression

analysis by minimizing the deviation between experiment and predicted C. data.

6.3 Results and Discussion

6.3.1 Characteristic Curvature GC-Model of Anionic Surfactants

As previously mentioned, the GC-model for characteristic curvature of
anionic surfactant is shown in the Eq. 6.6. In this work a constant was added in the
group contribution model both first-order and higher-order levels for higher accuracy
of the model. Adding of a constant in the group contribution function was performed
in the work of Roughton et al. (2012) and Kulajanpeng et al. (2016). Thus, it becomes
to Eq. 6.6.
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Table 6.3 Group definition and their coefficients for first-order, and higher-order

Group-Contribution Model of characteristic curvature of anionic surfactants

Molecular Fragment Coefficient
First-order, C;
CHs 0.6325
CH» 0.2088
CH -0.2082
CH=CH -0.5123
CHx-O -0.1555
CH,COO -1.0115
CHCOO 0.2491
CONH -4.8786
SO5 0.0297
0OSOs -2.1970
POy 1.5828
aC fused aromatic 0.0444
aCH -0.0335
aC-CH; 0.0300
aC-CH; 0.0047
aC-SOy 0.0197
CH;3N* -0.0551
CHa,¢yc 0.3260
CHcye -0.0212
Constant -3.5236
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Table 6.3 Group definition and their coefficients for first-order, and higher-order
Group-Contribution Model of characteristic curvature of anionic surfactants

(continued)

Molecular Fragment Coefficient

Second-order, D;

AROMRINGs's* 0.0122
-EO- 0.0475
-PO- -0.0310
CHye-CHz 0.0747

Third-order, Ex

OOC-(CHy)m-COO -0.0170
COO-(CHy)m-00C -0.0551
AROMFUSED[2]s's? 0.0225

After multiple regression analyses had been performed, the coefficient
of each group in the first-order, second-order and third-order groups was obtained. The
coefficients of all molecular fragments are shown in Table 6.3 for the first-order and
higher-order groups. The coefficient values reflect the tendency of surfactant to
dissolve in the aqueous phase or oil phase. The positive value of Cca coefficient
indicates the more hydrophobicity of surfactant to dissolve in oil phase, as the
definition of C. while the negative value indicates the more hydrophilicity of surfactant
to dissolve in aqueous phase. For example, coefficient of CHj3 is equal to 0.6325 or
coefficient of CHz is equal to 0.2088. The CH3 and CH> molecules are part of
hydrocarbon chain that are hydrophobic. So, it is reasonable that the coefficients for
these two molecular fractions are positive. In contrast with the coefficients with
negative value, the surfactant is more soluble in the aqueous phase such as ethylene

oxide structure (CH20) and sulfate structure (OSO3") which contain polar structures.
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The model for prediction of characteristic curvature of anionic
surfactants was reported in literature. Hammond et al. (2011) developed a simple GC-
model for the prediction of the characteristic curvature of alkyl propylene oxide sulfate

groups as shown in the Eq. 6.8:

Cei=C1x CL+C2x Cyp + C3 x Cp + C4 Eq. 6.8

where C1, C2, C3 are the contributions of GC-model. C4 is the contribution that
represents the occurrence of 4PO-SO4Na group in the anionic surfactant that equals to
-3.181. Cy represents the number of carbons in the linear chain that its contribution
(C1) equals to 0.100. Cwp represents the mid-chain carbons that its contribution (C2)
equals to 0.071. Cp represents the carbon attached to the B position that its contribution
(C3) equals to 0.690. In addition, some contributions are not included in the Eq. 6.8.
There are contribution of polypropylene structure (-PO-) and sulfate structure with
0.158 and -3.813, respectively. The GC-model by Hammond et al. (2011) only
available for alkyl propylene oxide sulfate surfactants and other anionic surfactants
were covered. There are many missing groups that this model cannot predict.
Nevertheless, the GC-model by Hammond ef al. (2011) did propose a linear
relationship between property C. and the number of PO group that was in agreement

with the function f(X) defined in this work.
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Table 6.4 Example calculation of characteristic curvature of Sodium
Dimethylnaphthalene sulfonate with Group-Contribution Method compared to the
work of Hammond ez al. (2011)

Sodium Dimethylnaphthalene sulfonate
Molecular structure: H;C

H,C
SOy
. Na
First-order group:
Groups Occurrences Coefficients
aC fused aromatic 2 0.0444
aCH 5 -0.0335
aC-CH, 2 0.0047
aC-SOs3 1 0.0197
Second-order group:
Groups Occurrences Coefficients

No Second-order group

Third-order group:

Groups Occurrences Coefficients

AROMFUSED[2]s's? 1 0.0225

C. calculation

GC model without higher-order group; C. = ZiN;C; + Constant = -3.5225
GC model with higher-order group; C. = ZiN;C; + %M;D; + Z OkEx + Constant = -3.5000

Previous model (Hammond et al., 2011) cannot be used to predict this surfactant

%Absolute deviation from experimental value Ccexp=-3.5000
GC-model without higher-order group; 0.64 %
GC model with higher-order group; 0.00%

Previous model (Hammond ef al., 2011) cannot be used to predict this surfactant
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Table 6.5 Example calculation of characteristic curvature of NaC12PO6Sulfate with
Group-Contribution Method compared to the work of Hammond et al. (2011)

NaC12PO6Sulfate
Molecular structure:
o, cH, cn, cH e, cH
0 ci e o cn cn, o cH e, oso,
o o e o, o cn o, o cn
o, cn, cn,
First-order group:
Groups Occurrences Coefficients
CHs 7 0.6325
CH» 11 0.2088
CH 6 -0.2082
CH>-O 6 -0.1555
OSOs 1 -2.1970
Second-order group:
Groups Occurrences Coefficients
-PO- 6 -0.0310
Third-order group:
Groups Occurrences Coefficients
No Third-order group
C. calculation
GC model with higher-order group; C. = ZiN;C; + %M;D; + Z OkEx + Constant = -1.3640
Previous model (Hammond ef al., 2011) Cc carc = -0.6200
%Absolute deviation from experimental value Ccexp=-1.6000
GC-model with higher-order group; 14.75%
Previous model (Hammond et al., 2011); 61.25%
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Examples of calculation of this GC-model are presented in Tables 6.4
and 6.5. As the equation of GC-model, the number of occurrence of each molecular
fraction in each level group are counted and multiplied with its contribution from
regression analysis. The characteristic curvature of the surfactant was calculated and
compared to the experimental value. Table 6.4 illustrates the calculation to obtain a Cc
value of Sodium Dimethylnaphthalene sulfonate. The results gave 0.64% and 0.00%
deviation between calculated and experimental C. for first-order and higher-order level
GC-models, respectively. This example obviously showed the higher-level GC-model
can slightly improve the accuracy with the addition of fused aromatic group to the
calculation. It is noted that this type of surfactant cannot be predicted by the work
proposed by Hammond et al. (2011) since aromatic group was not included in their
model. Table 6.5 shows the calculation of C. value of NaC12PO6Sulfate. There is the
surfactant that all molecular fragments contained in NaC12PO6Sulfate were included
in our GC-model as well as in the model proposed by Hammond et al. (2011). The
calculation showed that our GC-model included more available groups than the
previous work and gave higher accuracy with lower deviation.

To compare the accuracy of model, the calculated value from GC-
model and experimental values are shown in Figures 6.3, 6.4 and 6.5 for first-order,

second-order and third-order levels, respectively.
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Figure 6.3 Parity plot between experimental characteristic curvature of anionic

surfactants and calculated value from first order Group-Contribution Model.
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Figure 6.4 Parity plot between experimental characteristic curvature of anionic

surfactants and calculated value from second-order Group-Contribution Model.
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Figure 6.5 Parity plot between experimental characteristic curvature of anionic

surfactants and calculated value from third-order Group-Contribution Model.
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Most of database for development of anionic C. model are extended
surfactant, including polyethylene oxide (EO group) and polypropylene oxide (PO
group). Many works claimed that both of them are the linker structure, hydrophilic
linker (EO group) and lipophilic linker (PO group). The hydrophilic linker (EO group)
and lipophilic linker (PO group) can be able to extend the molecular structure of
surfactant into water phase and oil phase, respectively (Klaus et al., 2010). Moreover,
these structures tend to form the microemulsion system with the lower interfacial
tension (Witthayapanyanon et al., 2008). Such as the work from Phan ef al. (2011),
they found that the higher number of PO groups, the lower dynamic interfacial tension
is observed. Hence, it is of interest to propose the new arranging group of extended
surfactant for development of GC-model. That are polyethylene oxide (-CH>CH20-)
and polypropylene oxide (-CH>CH(CH3)O-). The results show that the second-order
groups can improve the accuracy of model significantly. As shown in the parity plot
(Figure 6.4) and the model accuracy in Table 6.6, the accuracy of the GC-model is
increased when adding the second-order groups.

In contrast with the addition of third-order level, although the R-square
of these plots is very high, the improvement between second-order and third-order GC-
model was non-noticeable, indicating the insignificance of the third-order levels as
observed in the low contributions of third-order levels from Table 6.3 for contributions
of third-order levels. The highest deviation that will be observation was the lack of
database for regression analysis. Some molecular structures that included in the
database came from one compound and made the results from regression become
insignificant, especially for higher-order groups. For example, the contribution of
COO-(CHn)m-OOC (third-order group with contribution -0.0551 ) that was only
available for lecithin surfactant, the contribution of cyclic group that was available
only in sodium napthenate surfactant (see Figure 6.6). Therefore, the various structure
and series of the same structure, such as sodium alkanoate groups, were needed for

accuracy improvement of the GC-model.
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(a) (b)

Figure 6.6 Example structures that make the uncertainty for use the GC-model (a)

lecithin (b) Sodium naphthenate.

Finally, the results of GC-model in this work are summarized in Table
6.6, as compared to the previous work proposed by Hammond et al. (2011). No data
were available in the work of Hammond et al. (2011) regarding the deviation and R-
square. The results obtained from the GC model with higher-order levels are only
slightly better that the GC-model with only first-order level. As seen in Table 6.6, the
R-square value only very slightly improved from 0.9792 to 0.9794. There is additional
evidence to support that the higher-order group from the database is insufficient for

improving the GC-model.

Table 6.6 Comparison the deviation of Group-Contribution Model: only first order
model; model including second and third-order groups and previous model of

characteristic curvature of anionic surfactants

Average Maximum
Data points for
Model . absolute absolute deviation = R-square
regression
deviation (%) (%)

GC-model with only

33 15.46 89.76 0.9786
first-order group
GC-model with

33 9.65 58.72 0.9792
second-order group
GC-model with

33 9.53 58.72 0.9794
third-order group
Previous model No data No data No data No data
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6.3.2 Characteristic Curvature GC-Model of Nonionic Surfactants

To develop the GC-model for characteristic curvature of nonionic
surfactant, the literature database of Cc value is not enough (with 25 data points);
hence, some experiment was carried out to collect more database, as explained and
shown in Chapter 5. However, the total database of 33 data points used in this work
after including our experimental data is still not enough as compared to the other GC-
model (Cordes et al., 2002, Mattei et al., 2013, Mattei et al., 2014, Mondejar et al.,
2017), resulting in high error of the predicted property. This work attempt to initially
provide the extended GC-model with several molecular descriptors for more practical
use in property prediction of characteristic curvature.

The regression analysis was applied to obtain the coefficients of
molecular descriptors. The results are shown in Table 6.7 with molecular fragment of
first-, second- and third-order levels. Some third-order groups obtained from previous
works (Marrero et al., 2001, Mattei et al., 2014): (CH2)a-CsHa-(OCH2CH2)m, (CH2)a-
(OCH2CH2)m (m =3, n <8 and m > 3, n > 8), and (CH2)n-(OCH2CH2)m (n = 5). The
(CH2)n-CsHa-(OCH2CH2)m and (CH2)a-CsHa-(OCH2CH2)m (n = 5) groups were used
as the same third-order groups while the (CH2)n-(OCH2CH2)m (m =3, n < 8 and m >
3, n > 8) was arranged from the work of Mattei et al. (2014), which i1s (CH2)n-
(OCH2CH2)m (m=3,n<8 and m=4,5, n > 8). This work decided to adjust this group
for widely used in database. Most of database are alcohol polyethylene oxide
surfactants and their unique structures that can enhance the solubility in two miscible
phase have been known (Witthayapanyanon et al., 2008); hence, this work decided to
apply the interaction of polyethylene oxide and alkyl chain to all linear alcohol
polyethylene oxide. The branching structure was excluded due to some different
effects of branching position (Acosta, 2008, Hammond et al., 2011, Phan et al., 2011).
The (CH2)a-(OCH2CH2)m (m =3, n < 8 and m > 3, n > 8) was introduced.

Moreover, the new group to represent the interaction of polyethylene
oxide and long alkyl chain was introduced, i.e. (CH2)n-(OCH2CH2)m (n > 12) group.
This group is needed to improve the high deviation of predicted value of long alkyl
chain such as C14EO7 and C16EO14. It is anticipated that the long alkyl chain group

will give the micelle formation differently from the shorter alkyl chain as previously
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mentioned in the work of Eini et al. (1976); hence, it is of interest to propose the new

third-order group.

Table 6.7 Group definition and their coefficients for first-order, and higher-order

Group-Contribution Model of characteristic curvature of nonionic surfactants

Molecular Fragment Coefficients
First-order, Ci
CH3 3.8748
CHz -0.1414
CH -2.4252
-C- 4.0524
CH=CH 1.6764
CH20 -0.1672
HOCH,CH20O -2.9765
aC-CHz 1.2456
aCH 0.0282
aC-O 0.0071
OH -3.0494
Ocye 16.1778
CHye -1.5918
CHa.cye 0.0789
CH>COO 0.2786
-O- -0.3101
Constant 0.0402
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The (CH2)n-(OCH2CH2)m (n > 12) group was applied to C14EO7 and
C16EO14 because they contained long-length alkyl chain as compared to other
nonionic surfactants and their C. values highly deviated from the linear relationship.
When adding the new third-order group to these two nonionic surfactants, the relative
error of them decreased from 2.93 to 0.00 and 0.79 to 0.08 for C14EO7 and C16EO14,

respectively.

Table 6.7 Group definition and their coefficients for first-order, and higher-order

Group-Contribution Model of characteristic curvature of nonionic surfactants

(continued)
Molecular Fragment Coefficients
Second-order, D;j
AROMRINGs's* 0.0071
CHey-OH 0.3676
CHcye-CH2 -0.0833
CHeye-CH 0.0789
CHeye-O -0.2332
Ceye-CHa -0.3101
(CH3).CH 0.6385
Third-order, Ex
(CH2)n-CsHa-(OCH2CH2)m 0.0071
CH2)a-(OCH2CH2)m,
fn=3),rf<8andm)> 3,n>8 09763
(CH2)n-(OCH2CH2)m, n > 12 2.0510
(CH2)n-(OCH2CH2)m, n =5 -0.4909
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The parity plot of all database when applied both first- and higher-order
groups is shown in Figure 6.7, given the R-square with 0.9118.
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Figure 6.7 Parity plot between experimental C. and predicted C. including first-order

and higher-order groups.

Tables 6.8 and 6.9 illustrate examples of C. value calculation of
sorbitan monolaurate (CisH340¢) and dehydol LS 3 TH (C12-14EO3), respectively.
The predicted values from both surfactants gave a very low deviation from
experimental value. For sorbitan monolaurate (C1sH340g), it is not categorized in a
series of alcohol polyethylene oxide surfactants, the results showed the high accuracy
of the prediction. This point also clarifies that the developed GC-model for C. of
nonionic surfactant is not only used to predict a series of alcohol polyethylene oxide
surfactants, but also applied to other structures such as cyclic structure or alcohol
containing aromatic ring. These results can extend the use of previous GC-model from
Acosta (2008). Another example is dehydol LS 3 TH (C12-14EO3) that also gave the
high prediction accuracy. This surfactant was used in the experimental part and the
developed GC-model can calculate the C. value closed to the experiment value. It is
noted that there is not sufficient data for verifying the accuracy of model with dividing

into training and test sets as other works (Cordes et al., 2002, Mondejar ef al., 2017).
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Table 6.8 Example calculation of characteristic curvature of C18H3406 using the
developed GC-model

C18H3406
Molecular structure: Von . o . N . i )
First-order group: (:L
Groups Occurrences Coefficients
CHs 1 3.8748
CH; 10 -0.1414
CH 1 -2.4252
OH 3 -3.0494
Ocye 1 16.1778
CHeye 3 -1.5918
CHaz,cye 1 0.0789
CH,COO 1 0.2786
Second-order group:
Groups Occurrences Coefficients
CHcyc-OH 2 0.3676
CHcyc-CH 1 0.0789
Third-order group:
Groups Occurrences Coefficients
No Third-order group
C. calculation
GC model with higher-order group; C. = ZiN;C; + X;M;D; + 2¢O«Ex + Constant = 3.50
%Absolute deviation from experimental value Ccexp= 3.50
%ARD = 0.00%
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Table 6.9 Example calculation of characteristic curvature of C12-14EO3 using the

developed GC-model

C12-14E03
Molecular structure: o, cH;. cH, o, cH, CIL\
ci, \ CH, ) CH, CH, CH;/ CH, CH;
l CH, CH, 0 cH,
N N
CH, O CH; CH, OH
First-order group:
Groups Occurrences Coefficients
CH;3 1 3.8748
CH: 14 -0.1414
CHO 2 -0.1672
HOCHCH,O 1 -2.9765
Second-order group:
Groups Occurrences Cocfficients

No Second-order group

Third-order group:

Groups Occurrences Coefficients

(CH2)n-(OCH2CH2)m,

m=3,n<8andm>3,n>8

1 0.9765

C. calculation

GC model with higher-order group; C. = ZiN;C; + %M;D; + Z OkEx + Constant = -0.40

%Absolute deviation from experimental value Ccexp=-0.41

%ARD = 0.03%
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The calculation of C. values for dehydol and Marlox® surfactants. The
results showed that the errors from the calculated value from model and the
experimental value are in the ranges of 0%-32% for surfactants with EO group and
17%-74% for surfactants with both EO and PO groups or Marlox®. The error of
Marlox® surfactants (C16-18PO2EO4 and C16-18PO4EQ6) are very high due to the
lack of database of nonionic surfactant containing polypropylene oxide group (-PO-).

A comparison is performed to compare the accuracy of the developed
GC-model in this workwith the available C. model in literature, i.e. Ccn = 0.28 X Ncs
+ 2.4 - Ngs (Acosta, 2008) as shown in Table 6.11. The GC-model proposed by Acosta
(2008) is limited for the prediction of a series of alcohol polyethylene oxide surfactant.
The polypropylene and branching structure is impractical to use (Acosta, 2008). The
results of deviation (%ARD) in Table 6.11 show that the developed GC-model in this
work is competitive. Although the form of equation for calculation is more complex
than previous model, the lower deviation is of interest for C. prediction. In addition,
the developed GC-model in this work provided the various molecular descriptors for

prediction of more variety surfactants.

Table 6.10 Calculated C. of nonionic surfactant as compared to the experimental data

in this work

Nonionic surfactant Ce,exp Ce,cale %error
C16-18PO2EO4 0.55 0.46 16.92
C16-18PO4EO6 1.14 1.98 73.71
C12-14E0O1 0.32 0.22 31.67
C12-14E02 -0.09 -0.09 0.08
C12-14E03 -0.41 -0.40 2.80
C12-14E0O5 -0.91 -1.02 11.62
C12-14E09 -2.21 -2.25 1.81
C12-14E012 -3.66 -3.18 13.23
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Table 6.11 Comparison the Cccalc of polyethylene oxide alcohol from this work GC-
model and GC-model from Acosta (2008)

Nonionic surfactant é::j:?a’nzlggg This work
Name Ceexp Ce,cale %ARD Ce,cale %ARD
C6EO3 0.10 1.08 980.00 0.10 0.06
C6EO4 -1.60 0.08 105.00 -1.19 25.93
C8EOS5 -1.00 -0.36 64.00 -0.31 69.11
C9EO4.5 -0.96 0.42 143.75 -0.30 69.17
CI9EOS -0.45 -0.08 82.22 -0.45 0.06
C10EO6 -0.90 -0.80 11.11 -0.90 0.03
C11.5EO5 -1.01 0.62 161.69 -0.80 20.03
C16EO14 -2.90 -7.12 145.52 -3.14 8.37
CI9GEO6 -3.30 -1.08 67.27 -3.30 0.04
C12E06.5 -1.20 -0.74 38.33 -1.34 11.44
C12-14E01 0.32 5.04 1,475.00 0.23 28.66
C12-14E02 -0.09 4.04 4,588.89 -0.09 0.18
C12-14E03 -0.41 3.04 841.46 -0.41 0.49
C12-14E05 -0.91 1.04 214.29 -1.04 14.75
C12-14E09 -2.21 -2.96 33.94 -2.32 4.83
C12-14E0O12 -3.66 -5.96 62.84 -3.27 10.62

The summary of the performance of the developed GC-model in this
work is shown in Table 6.12. The R-square is equal to 0.9118 with percentage of
average absolute deviation of 23.24%. It is noted that the error of the developed GC
model is quite high as compared to the other GC-models due to limited experimental

data available in literature.
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Table 6.12 The summary of accuracy of the developed GC-model

Details Value
Data point, points 33
R-square 0.9118
%AARD, % 23.24
The highest %ARD, % 121.77

It is noted that the high deviation of this model was affected from the
lack of branching structure data and unknown branching position. Hammond et al.
(2011) already showed the significant effect of branching position on characteristic

curvature of surfactant; hence, it can make the deviation from this point.

6.4 Conclusions

The Group-Contribution model is an efficient tool for prediction of chemical
properties. The characteristic curvature model for anionic and nonionic were
developed in this work and gave the competitive accuracy as compared to the previous
model (Acosta, 2008, Hammond et al., 2011). The experimental value from simplified
method of Zarate-Mufioz et al. (2016) work is practical and useful for developing
model, which gave the more reliability of the GC-model; however, the database for
development GC-model for characteristic curvature is not enough to give a model with
high accuracy when compare with the database of other GC-models. So, this point is
still challenging. In the future, if there are any experiment data of C. values, the GC-

model will be extended and widely used for various surfactant structures.



CHAPTER VII
THE SYSTEMATIC METHOD FOR SURFACTANT SELECTION

7.1 Introduction

The world is limited in resources while there is a continued increasing in
worldwide demand of products. It is very challenging how to develop a method to
design and select the optimum desired product (Gani, 2004). Surfactants are one of the
usual chemicals for formulation-based emulsion system. There are wide properties that
needed to be determined when some applications desire to select from the wide space
(Tiddy et al., 1999). Therefore, the product design and selection is needed for
surfactant application.

Gani et al. (2007) proposed a systematic framework based on a product
design concept. There are 4 main steps: problem definition, identification of any
constraints for the target properties, the method or model that used to find the target
properties and, lastly, the screening step to select the suitable candidate for the
specified problem. The principles of procedure are as follows: identify the needs,
generate ideas to reach needs, choose among ideas, and manufacture products. The
first step of chemical product design is the definition of the problem or goal of the
desired product. This step is important to make a decision in the following steps. Then,
the set of target properties is required and the list of chemicals which satisfy these
targets is established. The method to use is consequently determined and limited in
some constraints. Next, the design step that uses the selected method is considered.
The results from this step are analyzed and verified to assure the feasibility of results
before final verification of candidate selection through case studies (Gani, 2004, Gani
et al., 2007, Cignitti et al., 2015).

In this work, the case studies related to formulation-based emulsion system
are collected to define the problem (step 1), set the target properties (step 2) and verify
the screening results of the selected models (step 4). Three group contribution models
have been developed in this work including Krafft point model for anionic surfactants,
Cc model for anionic surfactants and C. model for nonionic surfactants. Combining

with other models developed by others in literature such as cloud point of nonionic
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surfactant (Mattei et al, 2014) and critical micelle concentration (Mattei et al, 2013), a
screening of suitable surfactant candidates appropriate for a certain application can be
performed. The overview procedure for surfactant selection in this work is shown in
Figure 7.1, which is adjusted from other works (Gani et al., 2007, Mondejar et al.,
2017).

Figure 7.1 The procedure diagram for surfactant selection.

The related properties of surfactant are shown in Table 7.1 for pure surfactant
properties. In case of mixed surfactant systems, this work considers their properties
only same type of surfactant such as anionic-anionic mixture or nonionic-nonionic
mixture by using linear mixing rule. The systems of anionic-nonionic mixture are not

included in this work due to their non-ideal mixing (Acosta et al., 2008a).
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Table 7.1 The general surfactant properties that can be applied to work based on

emulsion system

Surfactant property Method for prediction

Hydrophilic-Lipophilic Deviation (HLD)

- Characteristic curvature for Group-Contribution method (this
anionic surfactant work)

- Characteristic curvature for Group-Contribution method (this
nonionic surfactant work)

Hydrophilic-Lipophilic Balance (HLB) Method from Griffin (1949)
Critical Micelle Concentration (CMC)
- Anionic surfactant Reference data (Rosen et al., 2012)

- Nonionic surfactant Group-Contribution method (Mattei et

al.,2013)

Krafft point Group-Contribution method (this
work)

Cloud point Group-Contribution method (Mattei et
al.,2014)

Boiling point Group-Contribution method (Marrero
etal.,2001)

Solubility parameter Group-Contribution method

(Modarresi et al., 2008)

Toxicity parameter Group-Contribution method

(Hukkerikar et al., 2012)
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7.2 Case Study I : Surfactant Selection for Enhanced Oil Recovery

It is well-known that petroleum is one of the major energy resources that is
recovered from underground reservoirs. There are three steps of recovery processes:
primary, secondary and tertiary (or enhanced) oil recovery (EOR). The tertiary step
can lead to enhance more oil recovery as compared to other steps. It has long been
challenging to develop the EOR method for increasing oil recovery (Hirasaki et al.,
2011, Ratnakar et al., 2017). Surfactant EOR is of interest in the recovery process. The
amphiphilic structure of surfactant can reduce the interfacial tension between oil and
water, leading to an increase in oil-water solubility; hence entrapped oil can be

mobilized and recovered.

Figure 7.2 Schematic of surfactant flooding (Nourafkan ef al., 2018)

The case studies for EOR are collected to verify the systematic method in

case of anionic surfactant, nonionic surfactant and mixed anionic-anionic surfactant.



127

7.2.1 EOR Experiment for Ankleswar Oil Field, India

Kumar et al. (2016) investigated the effect of salt on interfacial tension

with different type of surfactant: SDS, CTAB and Tween 80. All of their experiment

was conducted at 27 °C with Ankleswar crude oil, EACN = 9.3 (Pithapurwala et al.,

1986) and NaCl was used as brine in the system. This study focused on SDS and Tween

80 systems to verify the use of the developed GC-model. The procedure for

consideration is based on the systematic framework (Gani et al., 2007).

Table 7.2 The procedure for surfactant selection for Ankleswar oil field case with

SDS as candidate

Steps

Descriptions

Step I :

Problem definition

Objective : desire the lowest IFT for use in EOR

Target properties : Emulsion stability, Thermal
stability

Step I1 :

Boundaries identification

Constraints of target properties :
Emulsion stability — HLD close to zero

Thermal stability — Krafft point <27.00 °C

Step 11 :

Method for target properties

Emulsion stability — HLD

Predicted C. of SDS =-2.79
Optimal salinity from case studies = 4%wt
Calculated HLD = -2.31

Thermal stability

Predicted Krafft point of SDS =19.19 °C

Step IV :

Screening and verification

Select the suitable HLD value that is close to zero
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Table 7.3 The procedure for surfactant selection for Ankleswar oil field case with

Tween 80 as candidate

Steps Descriptions
Step I : Objective : desire the lowest IFT for use in EOR
Problem definition Target properties : Emulsion stability, Thermal
stability
Step II : Constraints of target properties :
Boundaries identification Emulsion stability — HLD close to zero

Thermal stability — Cloud point > 27.00 °C

Micelle formation — CMC < 0.0136 mM/1

Step 11 : Emulsion stability — HLD

Method for target properties | Predicted C. of Tween 80 =-3.00
Optimal salinity from case studies = 6%wt
Calculated HLD =-3.49

Thermal stability

Predicted Cloud point of Tween 80 = 108.81 °C

Micelle formation

Predicted CMC of Tween 80 = 0.0021 mM/1

Step IV : Select the suitable HLD value that is close to zero

Screening and verification

From the table, the target properties are emulsion stability or HLD value
and thermal stability, which are Krafft point and cloud point of anionic and nonionic
surfactant, respectively. The HLD value was calculated from the following equations

(Castellino et al., 2011):
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For ionic surfactants,
HLD =In(S) - K*EACN — f(A) — aAT + Cqi Eq. 7.1
For nonionic surfactants,

HLD = b(S) - K*EACN —¢(A) + cAT + Cen Eq.7.2

In case of SDS system, C. value was from the GC-model in this work
by using EACN and S* from case study. Other HLD parameters from Acosta et al.
(2008b) and Salager et al. (1979) while the HLD parameters of Tween 80 system was
from Salager ef al. (2001). The HLD value of Tween 80 was lower than SDS; hence
the SDS can reach the lower IFT of SOW system than Tween 80 as corresponding as
the results from the case study, IFT of SDS system was 13 x 10 mN/m while IFT of
Tween 80 system was 99 x 10~ mN/m.

The thermal property is also considered with the temperature that
surfactant can achieve the homogeneous phase. Krafft point was calculated by the GC-
model in this work while cloud point was calculated from the GC-model proposed by
(Mattei et al., 2014). In addition, critical micelle concentration of Tween 80 was
calculated from Mattei et al. (2013) (at 25 °C) with the lower value that case study
used. The results showed that both of SDS and Tween 80 can be used in this system
as they are solubilized in the experimental condition.

However, both of them do not match for this crude oil as the lowest
interfacial condition could not be attained, i.e. the calculated HLD value of both
systems were -2.35 and -3.76 for SDS and Tween 80, respectively. This work
recommends the other candidates of anionic surfactants for use from database.
NabranchedC12PO10sulfate, NabranchedC14PO8sulfate and sodium stearate are
suitable for this case with the predicted HLD values: 0.07, 0.01 and -0.29, respectively.
That are close to zero more than HLD value of SDS system. Moreover, the other
candidates of nonionic surfactants are C12-14EO1 and Marlox® RT42 with HLD
values of -0.27 and 0.02, respectively.
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The results from surfactant selection method is corresponding to the
experiment from case study and this method can screen other surfactants which could
give suitable candidates in for a given condition. This illustration indicates that the
developed GC-model and the previous GC-model as the efficient tool for use in

surfactant selection.

7.2.2 EOR Experiment for War Party Site, Oklahoma
Budhathoki et al. (2016) investigated the optimal middle phase

microemulsion (Winsor type III) in the reservoir condition: high brine system with
28.7 gNaCl/100mL (this value is without hardness compounds), crude with EACN of
9.8 and a temperature of 52 °C. The mixture of extended surfactants was applied in the
SOW system with primary surfactants: Cs-(PO)4-(EO)1-SO4Na, Cs-(PO)4-SO4Na, Cio-
(PO)4-(EO)1-SO4Na and Ci0-(PO)4-SO4Na; and Steol Cc460 (Ci2-(EO)3-SO4Na) as
the co-surfactant for all mixed systems. They found that the molar ratio as shown in

Table 7.4 gave the lowest IFT in each system.

Table 7.4 The IFT measurement in each portion of mixed system with Steol Cs460 at

optimal condition

Mixed System with Optimal IFT, Mole fraction of Mole fraction

Steol Cs460 mN/m primary surfactant | of Steol Cs460
Cs-(PO)4-(EO)1-SO4Na 0.0087 0.31 0.69
Cs-(PO)4-SOsNa 0.0061 0.32 0.68
Ci10-(PO)4-(EO)1-SO4Na 0.0041 0.19 0.81
Ci10-(PO)4-SO4Na 0.0049 0.17 0.83

To calculate the HLD value, a linear mixing rule was applied to the

characteristic curvature of mixture (Ce,mix) as follows:

Cc,mix =2 XiCc,i Eq 7.3
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Where xi is the mole fraction of surfactant i and C.; is the characteristic curvature of
surfactant i.

The GC-model developed in this work was used to predict the Cc of
pure anionic surfactant. The HLDmix was considered from Eq. 7.1 at reservoir
condition and HLD parameters from other works (Hammond et al., 2011, Budhathoki
et al., 2016). The results are shown in Table 7.5.

The HLD value were closed to zero in the system that were
corresponding to the ultra-low IFT value at optimal molar ratio from work of
Budhathoki et al. (2016).

It is noted that Krafft point of mixed system cannot be calculated with
a linear mixing rule. There is no literature proposed at this point. However, this work
used the GC-model to calculate Krafft point of pure compound and the Steol Cs460
gave the highest Krafft point in this system with approximately -9.21 °C; hence, Krafft
point of the surfactant mixture should not exceed this value. Another evidence for
Krafft point of extended surfactant is from Falbe (1987). He proposed Krafft point of
C12-(EO)2-SO4Na with -1.00 °C. This value make the reasonable Krafft point of Steol
Cs460 with a similar structure (C12-(EO)3-SO4Na).

This work recommends the other candidates of anionic surfactants for
this system with single surfactant system. The candidates are sodium dodecanoate and
sodium naphthenate with HLD values 0.06 and 0.10, respectively. Two of these

candidates can perform the ultralow interfacial tension and are applied to this system.
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Table 7.5 The predicted HLD from the C. model and Tk model in this work

work)

Mixed System with Predicted
Target properties Constraints
Steol Cs460 values
Emulsion Stability from Comix = 2.48
HLD equation (Ce HLDmix ~ 0
model from this work) HLDumix = 0.23
Cs-(PO)4-EO-SO4Na
Thermal stability (Krafft T
k,pure =
point model from this Ti,mix <52 °C ’
-109.81°C
work)
Emulsion Stability from Comix = -2.51
HLD equation (Cc HLDmix ~ 0
model from this work) HLDumix =0.20
Cs-(PO)s-SO4Na
Thermal stability (Krafft T
k,pure =
point model from this Ti,mix <52 °C ’
-100.35°C
work)
Emulsion Stability from Comix = -2.43
HLD equation (C. HLDmix ~ 0
model from this work) HLDuix = 0.07
Ci0-(PO)4-EO-SO4Na
Thermal stability (Krafft T
k,pure =
point model from this Tkmix <52 °C ’
-97.58 °C
work)
Emulsion Stability from Comix = -2.45
HLD equation (Ce HLDmix ~ 0
model from this work) HLDgix = 0.05
Ci10-(PO)4-SO4Na
Thermal stability (Krafft T
k,pure =
point model from this Ti,mix <52 °C P
-88.12 °C
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7.3 Case Study II : Surfactant Selection for Environmental Remediation

Chemical contamination is the concerned problem such as a contaminated
soil or industrial wastewater disposal that can break the balance of ecosystem. The
common contaminants are mostly organic compounds or hydrocarbon. Surfactants are
introduced to form the microemulsion system to dissolve these organic compounds by
forming micelles of hydrocarbon entrapped in soil or wastewater to reduce the
environmental contaminants (Mao et al., 2015, Duan et al., 2016). The brief schematic

is shown in Figure 7.3.

Figure 7.3 Diagram of soil remediation using surfactants (Mao et al., 2015).

7.3.1 Experiment for Soil Washing

Ahn et al. (2008) studied the effect of various nonionic surfactants to
soil remediation. The contaminant in their work was phenanthrene, which was used to
represent polycyclic aromatic hydrocarbon contaminants. Four different nonionic
surfactants including tween 40, tween 80, brij 30 and brij 35 were employed in the
experiment due to their low CMC and low tendency of flocculate clay particles as
compared to ionic surfactants. They conducted the solubilization test, surfactant

adsorption and soil washing efficiency with 0.002 mol/l of each surfactant system (no
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containing salt) at 23 °C. They found that the brij 30 gave the highest solubilization of
phenanthrene and considered as the best candidate for soil washing in their work due
to the highest washing efficiency.

This work carried out the surfactant selection for soil remediation case
(Ahn et al., 2008) with four steps as shown in Figure 7.1. First, the set of target
properties was considered. There were four main properties: emulsion stability,
micelle formation, temperature stability and toxicity. All of constraints for these target
properties are shown in Table 7.6. The HLD value should be close to zero to obtain
the lowest interfacial tension that make the highest solubilization of water and
contaminated oil in the system. CMC was considered to ensure the presence of
microemulsion formation in the system, whereas the cloud point was used to check the
stability of the surfactants at the working condition. In addition, as it is required for
environmental application, the Lethal concentration (LCso) was determined for the
toxicity disposal with a constraint value obtained from Mattei et al. (2012).

For the predicted value, all of target properties were predicted from the
specified model in Table 7.1. The characteristic curvature value were calculated from
the GC-model in this work. The C. value for tween 40, tween 80, brij 30 and brij 35
were -2.56, -3.00, -0.57 and -6.50, respectively. Other HLD parameters were from
literatures (Salager et al., 2001) except the EACN value. There is no evidence to assure
the EACN of phenanthrene. This work found other references for assumption and
determination (Bouton et al., 2009, Bouton et al., 2010, Abbott, 2015). The
approximate EACN value of 1 for phenanthrene was used in this work based on the
ranges EACN value of benzene, naphthalene and asphaltene (EACN ranges of 0-1).
The HLD parameter can be achieved from Eq. 7.2.

The results showed that all of candidate nonionic surfactants are suitable
for use in the soil remediation within the given constraints of CMC, cloud point and
toxicity. Brij 30 gave the HLD value that is closed to zero; hence, this result is also
corresponding to the conclusion from Ahn et al. (2008).

Other candidates of nonionic surfactants that recommended from
database in this work are C12-14EO1, CO9PhEOS5, C6EO3 and Marlox® RT42 with
HLD values: -0.05, -0.15, -0.17 and 0.24, respectively, that are closed to zero value

more than the surfactant choices in this case.
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Table 7.6 The predicted target properties for work from Ahn et al. (2008)

Candidates

Target properties

Constraints

Predicted values

Tween 40
(CsgH114026)

Emulsion stability
Micelle formation
Thermal stability

Non-toxicity

HLD ~0
CMC < 2.00E-03 mol/l
T.>23°C

-log(LCsp) > 3.16 mol/m3

HLD =-2.83
CMC = 4.22E-05 mol/l
T.=163.03 °C

-log(LCso) = 5.74 mol/m?

Tween 80
(Ce4H124026)

Emulsion stability
Micelle formation
Thermal stability

Non-toxicity

HLD ~0
CMC < 2.00E-03 mol/l
T.>23°C

-log(LCsp) > 3.16 mol/m?

HLD =-3.27
CMC = 2.10E-06 mol/l
T.=155.35°C

-log(LCs0) = 5.53 mol/m’

Brij 30
(C12E4)

Emulsion stability
Micelle formation
Thermal stability

Non-toxicity

HLD ~0
CMC < 2.00E-03 mol/l
T.>23°C

-log(LCso) > 3.16 mol/m?

HLD =-0.84
CMC = 1.02E-04 moV/1
Te=3291°C

-log(LCsp) = 3.67 mol/m’

Brij 35
(C12E23)

Emulsion stability
Micelle formation
Thermal stability

Non-toxicity

HLD ~0
CMC < 2.00E-03 mol/l

T.>23°C

-log(LCsp) > 3.16 mol/m?

HLD =-6.79
CMC = 8.99E-04 mol/1
T.=184.77 °C

-log(LCs0) = 9.52 mol/m?
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7.4 Case Study III : Surfactant Selection as A Surface Cleaning Agents

From the SOW system, microemulsion has capability of extraction efficiency
by reducing oil-water IFT (Bera et al., 2014); hence, this system is also introduced to
many applications that related with the two miscible phase such as water-oil system.
In the cleaning process, surfactant plays an important role to form the microemulsion
systems and achieve the low interfacial tension, especially Winsor type III
microemulsion. If the microemulsion system is introduced and gave very low IFT at
the cleaning condition, the higher cleaning efficiency is observed (Quintero et al.,
2013). Microemulsion Winsor Type I system (o/w system) is introduced to hard
surface cleaning while Microemulsion Winsor Type II system (w/o system) and
Winsor type III system (bicontinuous phase system) are introduced to application of
water-soluble contaminants, metal cleaning and improving corrosion resistance due to

a faster dissolution of oil as compared to Winsor type I (Acosta et al., 2007).

Figure 7.4 Overview mechanism of surfactant in solid surface cleaning (Rakowska et

al., 2017).
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Figure 7.5 Microemulsion diagram for cleaning application (Acosta et al., 2007).

7.4.1 Synthesis of Nonionic Surfactant for Detergent Application

Lee et al. (2016) synthesized the environmental friendly nonionic
surfactants: SA08-07, SA08-15 and SA08-40 based on sugar for use in detergency
applications. The characterization properties for these synthesized surfactant were
interfacial tension, CMC, and detergency efficiency. The SOW system was conducted
with n-decane oil (EACN = 10 from Bouton ef a/. (2010)) and no salt additive at 25

°C. Surfactant structures is shown in the Figure 7.6.

O(CH,CH,0).H

(@)

CH. ¢ 0-E—(CH,)sCH3
Hz

Hy(OH,CH,C)3  O(CH,CH,0)cH

n=a+b+c, n=7,15,40

Figure 7.6 Surfactant structures of SA08-n series (Lee et al., 2016).

From the experimental results, Lee et al. (2016) concluded that SA08-
07 gave the lowest interfacial tension with 0.0112 mN/m and achieved the highest
detergency efficiency. All of synthesized nonionic surfactants gave the good
performance of detergency as compared to LAS anionic surfactant that is generally

included in detergency applications.
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The target properties in this case were calculated and shown in Table
7.7. For the very long chain of polyethylene oxide sugar base, some properties could
not be calculated by using the available models in literature due to the lack of cyclic
groups such as CHcye or CHeye-O. For example, the CMC model from Mattei et al.
(2013) gave the very low calculated value due to uncertainty of very large molecular
structure and prediction from model did not correspond with the experiment results.
However, this study used the HLD value of SA08-07 that is not too long chain
structure, for comparison the LAS surfactant as mentioned in the case study. The result
still presented that SA08-07 should be the better candidate for detergency application
than normal conventional anionic surfactant in term of efficiency. The HLD value of
SA08-07 is close to zero more than HLD value of LAS. The results of predicted value
of this case study gave the uncertainty of use model in property prediction in case of
very large and complex molecular structure. The uncertainty occur in most of the GC-
model (Hukkerikar et al., 2012, Mattei et al., 2013, Mattei et al., 2014).

Another interesting point is the environmental synthesized nonionic
surfactant. The LCso were calculated and considered with the criteria from Mattei et
al. (2014). The results showed that the synthesized surfactant in the work of Lee et al.
(2016) were non-toxicity surfactant.

This work recommended the anionic surfactant and nonionic surfactant
as the candidates. The candidates of anionic surfactants are NaC12PO14EQO2sulfate
and NaC10PO18EQO2sulfate with HLD values -0.26 and 0.27, respectively and the
candidates of nonionic surfactants are COPhEO2 and Marlox® RT42 with HLD values

-0.44 and -0.99 that are offered the value closed to zero value.
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(Cs6H110027)

Thermal stability

Non-toxicity

CMC < 8.24E-03 mol/l
T.>25°C

-log(LCso) > 3.16 mol/m?

Candidates Target properties Constraints Predicted values
Emulsion stability HLD ~0 HLD =-1.55
SA08-07 Micelle formation

CMC = 3.3E-04 mol/l

T, cannot be predicted

-log(LCso) = 3.27 mol/m?

SA08-15
(C104H206051)

Emulsion stability
Micelle formation
Thermal stability

Non-toxicity

HLD ~0
CMC < 4.41E-03 mol/l
T.>25°C

-log(LCso) > 3.16 mol/m3

HLD cannot be predicted
CMC = 3.1E-04 mol/l
T, cannot be predicted

-log(LCso) = 4.72 mol/m?

SA08-40
(C254H5060126)

Emulsion stability
Micelle formation
Thermal stability

Non-toxicity

HLD ~0
CMC < 1.79E-03 mol/l
Tc>25°C

-log(LCso) > 3.16 mol/m3

HLD cannot be predicted
CMC = 2.6E-04 mol/l
T, cannot be predicted

-log(LCso) = 13.05 mol/m3

LAS

Emulsion stability
Micelle formation
Thermal stability

Non-toxicity

HLD ~0
CMC < 0.03 mol/l

Ty <25°C

-log(LCso) > 3.16 mol/m3

HLD =-2.50
CMC =0.0012 mol/l

Ty=-8.32°C

-log(LCso) = 3.93 mol/m’




CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The systematic methodology was introduced by using chemical product
design concept from Gani et al. (2007) to screen and select the suitable surfactants for
a specific application. In this work, the Group-Contribution models based on the
Marrero et al. (2001) concept were developed to predict the Krafft point of anionic
surfactants, characteristic curvature of anionic surfactants and characteristic curvature
of nonionic surfactants. The first-order, higher-order (second and third) and new third-
order groups were applied to these models to achieve higher accuracy. Some
experimental measurement of characteristic curvature of nonionic surfactant were
conducted to obtain more database for model development. The results presented that
the developed GC-model gave the high accuracy with R-square > 0.95 except the Cc
model for nonionic surfactant with R-square around 0.91 due to lack of experimental
values. Moreover, the case studies of surfactant applications: enhanced oil recovery,
environmental remediation and detergency application were used to verify the
reliability of the developed GC-models. The results from this study were in agreement
with the selected surfactants in the case studies. In addition, other surfactant candidates

were introduced from the database in this work.
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8.2 Recommendations

In this work, some limitations of developed GC-model include the availability
of the types of surfactant structure that are covered by the model. To extend the model
for use with various surfactants with various fractional groups, more experimental data
must be collected; however, these data are limited in this field. For example, the effect
of counterions of anionic surfactant properties is of interest for including in the GC-
model. Several surfactants have been developed using various counterion ions and
these counterion ions in turn affect the surfactant properties (Benrraou et al., 2003,
Naskar et al., 2013). To cover these surfactants with various counterions such as Li*
and K" as those proposed by Rosen et al. (2012) and the fluorocarbon surfactants
proposed by Li et al. (2005), more experimental data are needed to be collected to
develop the new group structures. However, the understanding of commercial
surfactant structure is not clear. The molecular structure of commercial surfactants is
the mixture of different carbon numbers of surfactant tail or different isomer. The
position of functional group also affects to surfactant properties as discussed in the
work of Hammond et al. (2011). These variations of surfactant structure gave the
deviation to the developed model.

Another recommendation is the model development for mixed surfactant
systems of anionic-nonionic surfactants. An ideal mixing cannot be assumed in these
systems. The challenge is the way to design a systematic methodology for applying
the property prediction in these systems. An additional term like Gibb’s free energy
introduced in the work of Acosta ef al. (2008a) is required to add the effect of non-
ideality mixing of anionic-nonionic surfactant systems. The effect of non-ideality

mixing is still under study in the field of surfactants.
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APPENDICES

Appendix A Chemical Properties and Mixing Ratio of Surfactant/OQil/Water

System

The properties of surfactants that are used in the experiment are collected in

this Appendix. In addition, the mixing ratio in single and mixed systems are also shown

in the table.

Table A1 The properties of nonionic surfactant in the experiment

Average Cloud point
Name Molecular formula
molecular weight O
Dehydol LS 1 TH C12-14E01 244 No data
Dehydol LS 2 TH C12-14E02 288 No data
Dehydol LS 3 TH C12-14E03 332 51-53
(25%BDG/water)
Dehydol LS 5 TH C12-14E05 420 68-73
(25%BDG/water)
Dehydol LS 9 TH C12-14E09 596 72-82
(1% aq solution)
Dehydol LS 12 TH C12-14E012 728 79-83
(1% in 5% NaCl)
Marlox® RT42 C16-C18EO4PO2 548 No data
Marlox® RT64 C16-C18EO6PO4 752 No data




Table A2 The properties of oils used in the experiment
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Name Molecular formula | Flash point (°C)
Cyclohexane C6H12 -18
n-Hexane C6H14 -22
n-Heptane CT7H16 -4
Decahydronaphthalene CIOHI18 57
n-Decane C10H22 46
n-Dodecane C12H26 84
n-Hexadecane C16H34 135

Table A3 The mixing ratio of single surfactant system in each salinity

Salinity Salinity DI water | Surfactant solution | Oil Total
(g/100ml) | 30g/100ml (ml) (ml) 0.8 M (ml) (ml) (ml)
0.0000 0.0000 1.7500 0.2500 2.0000 | 4.0000
0.5000 0.0333 1.7167 0.2500 2.0000 | 4.0000
1.0000 0.0667 1.6833 0.2500 2.0000 | 4.0000
1.5000 0.1000 1.6500 0.2500 2.0000 | 4.0000
2.0000 0.1333 1.6167 0.2500 2.0000 | 4.0000
2.5000 0.1667 1.5833 0.2500 2.0000 | 4.0000
3.0000 0.2000 1.5500 0.2500 2.0000 | 4.0000
3.5000 0.2333 1.5167 0.2500 2.0000 | 4.0000
4.0000 0.2667 1.4833 0.2500 2.0000 | 4.0000
4.5000 0.3000 1.4500 0.2500 2.0000 | 4.0000
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Table A3 The mixing ratio of single surfactant system in each salinity (continued)

Salinity Salinity DI water | Surfactant solution | Oil Total
(g/100ml) | 30g/100ml (ml) (ml) 0.8 M (ml) (ml) (ml)
5.0000 0.3333 1.4167 0.2500 2.0000 | 4.0000
5.5000 0.3667 1.3833 0.2500 2.0000 | 4.0000
6.0000 0.4000 1.3500 0.2500 2.0000 | 4.0000
6.5000 0.4333 1.3167 0.2500 2.0000 | 4.0000
7.0000 0.4667 1.2833 0.2500 2.0000 | 4.0000
7.5000 0.5000 1.2500 0.2500 2.0000 | 4.0000
8.0000 0.5333 1.2167 0.2500 2.0000 | 4.0000
8.5000 0.5667 1.1833 0.2500 2.0000 | 4.0000
9.0000 0.6000 1.1500 0.2500 2.0000 | 4.0000
9.5000 0.6333 1.1167 0.2500 2.0000 | 4.0000
10.0000 0.6667 1.0833 0.2500 2.0000 | 4.0000
10.5000 0.7000 1.0500 0.2500 2.0000 | 4.0000
11.0000 0.7333 1.0167 0.2500 2.0000 | 4.0000
11.5000 0.7667 0.9833 0.2500 2.0000 | 4.0000
12.0000 0.8000 0.9500 0.2500 2.0000 | 4.0000
12.5000 0.8333 0.9167 0.2500 2.0000 | 4.0000
13.0000 0.8667 0.8833 0.2500 2.0000 | 4.0000
13.5000 0.9000 0.8500 0.2500 2.0000 | 4.0000
14.0000 0.9333 0.8167 0.2500 2.0000 | 4.0000
14.5000 0.9667 0.7833 0.2500 2.0000 | 4.0000
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Table A3 The mixing ratio of single surfactant system in each salinity (continued)

Salinity Salinity DI water | Surfactant solution | Oil Total
(g/100ml) | 30g/100ml (ml) (ml) 0.8 M (ml) (ml) (ml)
15.0000 1.0000 0.7500 0.2500 2.0000 | 4.0000
15.5000 1.0333 0.7167 0.2500 2.0000 | 4.0000
16.0000 1.0667 0.6833 0.2500 2.0000 | 4.0000
16.5000 1.1000 0.6500 0.2500 2.0000 | 4.0000
17.0000 1.1333 0.6167 0.2500 2.0000 | 4.0000
17.5000 1.1667 0.5833 0.2500 2.0000 | 4.0000
18.0000 1.2000 0.5500 0.2500 2.0000 | 4.0000
18.5000 1.2333 0.5167 0.2500 2.0000 | 4.0000
19.0000 1.2667 0.4833 0.2500 2.0000 | 4.0000
19.5000 1.3000 0.4500 0.2500 2.0000 | 4.0000
20.0000 1.3333 0.4167 0.2500 2.0000 | 4.0000
20.5000 1.3667 0.3833 0.2500 2.0000 | 4.0000
21.0000 1.4000 0.3500 0.2500 2.0000 | 4.0000
21.5000 1.4333 0.3167 0.2500 2.0000 | 4.0000
22.0000 1.4667 0.2833 0.2500 2.0000 | 4.0000
22.2000 1.4800 0.2700 0.2500 2.0000 | 4.0000
22.5000 1.5000 0.2500 0.2500 2.0000 | 4.0000
23.0000 1.5333 0.2167 0.2500 2.0000 | 4.0000
23.5000 1.5667 0.1833 0.2500 2.0000 | 4.0000
24.0000 1.6000 0.1500 0.2500 2.0000 | 4.0000
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Table A3 The mixing ratio of single surfactant system in each salinity (continued)

Salinity Salinity DI water | Surfactant solution | Oil Total
(g/100ml) | 30g/100ml (ml) (ml) 0.8 M (ml) (ml) (ml)
24.5000 1.6333 0.1167 0.2500 2.0000 | 4.0000
25.0000 1.6667 0.0833 0.2500 2.0000 | 4.0000
25.5000 1.7000 0.0500 0.2500 2.0000 | 4.0000
26.0000 1.7333 0.0167 0.2500 2.0000 | 4.0000
Table A4 The mixing ratio of two-surfactant mixture
mole fraction of | Ref surfactant Tested salinity oil Total
tested surfactant (ml) surfactant (ml) (ml) (ml) (ml)
0.100 0.225 0.025 1.750 2.000 | 4.000
0.200 0.200 0.050 1.750 2.000 | 4.000
0.300 0.175 0.075 1.750 2.000 | 4.000
0.400 0.150 0.100 1.750 2.000 | 4.000
0.500 0.125 0.125 1.750 2.000 | 4.000
0.600 0.100 0.150 1.750 2.000 | 4.000
0.700 0.075 0.175 1.750 2.000 | 4.000
0.800 0.050 0.200 1.750 2.000 | 4.000
0.900 0.025 0.225 1.750 2.000 | 4.000
1.000 0.000 0.250 1.750 2.000 | 4.000




Appendix B Salinity Scan of C12-14EO3 for Single Surfactant System

The figures that show phase of C12-14EO3/oil/water system are presented in

this part. The salinity scan is carried out in a range 0 — 26%wt/vol.

Figure B1 Salinity scan for 0.1 M C12-14EO3 with (a) Cyclohexane, (b) Heptane,
(¢) Decalin, (d) Dodecane and (¢) Hexadecane at 25 °C.
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Figure B2 Salinity scan for 0.1 M C12-14EO3 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 30 °C.
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Figure B3 Salinity scan for 0.1 M C12-14EO3 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 35 °C.
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Figure B4 Salinity scan for 0.1 M C12-14EO3 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 40 °C.
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Figure BS Salinity scan for 0.1 M C12-14EO3 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 45 °C.
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Figure B6 Salinity scan for 0.1 M C12-14EO3 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 50 °C.
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Figure B7 Salinity scan for 0.1 M C12-14EO3 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 55 °C.
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Figure B8 Salinity scan for 0.1 M C12-14EO3 with (a) Dodecane and (b)
Hexadecane at 60 °C.
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Figure B9 Salinity scan for 0.1 M C12-14EO3 with (a) Dodecane and (b)
Hexadecane at 65 °C.

Figure B10 Salinity scan for 0.1 M C12-14EO3 with (a) Dodecane and (b)
Hexadecane at 70 °C.
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Figure B11 Salinity scan for 0.1 M C12-14EO3 with Hexadecane at 75 °C.

Figure B12 Salinity scan for 0.1 M C12-14EO3 with Hexadecane at 80 °C.

Figure B13 Salinity scan for 0.1 M C12-14EO3 with Hexadecane at 85 °C.
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Figure B14 Salinity scan for 0.1 M C12-14EO3 with Hexadecane at 90 °C.

Figure B15 Salinity scan for 0.1 M C12-14EO3 with Hexadecane at 95 °C.



Appendix C Salinity Scan of C12-14EOS for Single Surfactant System

The figures that show phase of C12-14EO5/oil/water system are presented in

this part. The salinity scan is carried out in a range 0 — 26%wt/vol.

Figure C1 Salinity scan for 0.1 M C12-14EOS5 with (a) Cyclohexane, (b) Heptane,
(c) Decalin and (d) Dodecane at 25 °C.
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Figure C2 Salinity scan for 0.1 M C12-14EOS5 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 30 °C.
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Figure C3 Salinity scan for 0.1 M C12-14EOS5 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 35 °C.



175

Figure C4 Salinity scan for 0.1 M C12-14EOS with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 40 °C.
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Figure C5 Salinity scan for 0.1 M C12-14EOS with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 45 °C.
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Figure C6 Salinity scan for 0.1 M C12-14EOS with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 50 °C.
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Figure C7 Salinity scan for 0.1 M C12-14EOS with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 55 °C.
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Figure C8 Salinity scan for 0.1 M C12-14EOS5 with (a) Dodecane and (b)
Hexadecane at 60 °C.
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Figure C9 Salinity scan for 0.1 M C12-14EOS with (a) Dodecane and (b)
Hexadecane at 65 °C.
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Figure C10 Salinity scan for 0.1 M C12-14EOS5 with (a) Dodecane and (b)
Hexadecane at 70 °C.

Figure C11 Salinity scan for 0.1 M C12-14EO5 with Hexadecane at 75 °C.
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Figure C12 Salinity scan for 0.1 M C12-14EO5 with Hexadecane at 80 °C.

Figure C13 Salinity scan for 0.1 M C12-14EOS5 with Hexadecane at 85 °C.
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Figure C14 Salinity scan for 0.1 M C12-14EO5 with Hexadecane at 90 °C.

Figure C15 Salinity scan for 0.1 M C12-14EO5 with Hexadecane at 95 °C.



Appendix D Salinity Scan of C12-14EO9 for Single Surfactant System

The figures that show phase of C12-14EQ9/oil/water system are presented in

this part. The salinity scan is carried out in a range 0 — 26%wt/vol.

Figure D1 Salinity scan for 0.1 M C12-14EO9 with Cyclohexane at 25 °C.

Figure D2 Salinity scan for 0.1 M C12-14EQ9 with Decalin at 35 °C.
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Figure D3 Salinity scan for 0.1 M C12-14EO9 with (a) Decalin and (b) Dodecane at
40 °C.
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Figure D4 Salinity scan for 0.1 M C12-14EQ9 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 45 °C.
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Figure D5 Salinity scan for 0.1 M C12-14EQ9 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 50 °C.
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Figure D6 Salinity scan for 0.1 M C12-14EQO9 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 55 °C.
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Figure D7 Salinity scan for 0.1 M C12-14EO9 with (a) Dodecane and (b)
Hexadecane at 60 °C.
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Figure D8 Salinity scan for 0.1 M C12-14EO9 with (a) Dodecane and (b)
Hexadecane at 65 °C.
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Figure D9 Salinity scan for 0.1 M C12-14EQ9 with (a) Dodecane and (b)
Hexadecane at 70 °C.

Figure D10 Salinity scan for 0.1 M C12-14EO9 with Hexadecane at 75 °C.
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Figure D11 Salinity scan for 0.1 M C12-14EO9 with Hexadecane at 80 °C.

Figure D12 Salinity scan for 0.1 M C12-14EO9 with Hexadecane at 85 °C.

Figure D13 Salinity scan for 0.1 M C12-14EO9 with Hexadecane at 90 °C.
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Figure D14 Salinity scan for 0.1 M C12-14EO9 with Hexadecane at 95 °C.



Appendix E Salinity Scan of Nonionic Surfactant for Mixed Surfactant System

The figures that show phase of mixed surfactant system are presented in this
part. The salinity scan is carried out in a range 0 — 26%wt/vol and the mol fraction of
test surfactant in mixed solution is carried out in a range 0.1-0.9. The reference
surfactants are C12-14EO3, C12-14EO5 and C12-14EQ9, mixed with test surfactants;
C12-14E01, C12-14E02, C12-14E012, C16-18PO2EO4 and C16-18PO4EO6 at

room temperature.
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Figure E1 Salinity scan of mixed C12-14EO3 and C12-14EO1 with Cyclohexane.
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Figure E2 Salinity scan of mixed C12-14EO3 and C12-14EO1 with Heptane.
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Figure E3 Salinity scan of mixed C12-14EO3 and C12-14EO1 with Decalin.
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Figure E4 Salinity scan of mixed C12-14EO3 and C12-14EO2 with Cyclohexane.
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Figure ES Salinity scan of mixed C12-14EO3 and C12-14EO2 with Heptane.
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Figure E6 Salinity scan of mixed C12-14EO3 and C12-14EO2 with Decalin.
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Figure E7 Salinity scan of mixed C12-14EO3 and C12-14EO12 with Cyclohexane.
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Figure E8 Salinity scan of mixed C12-14EO3 and C12-14EO12 with Heptane.
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Figure E9 Salinity scan of mixed C12-14EO3 and C12-14EO12 with Decalin.
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Figure E10 Salinity scan of mixed CI12-14EO3 and C16-18PO2EO4 with

Cyclohexane.
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Figure E11 Salinity scan of mixed C12-14EO3 and C16-18PO2EO4 with Heptane.
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Figure E12 Salinity scan of mixed C12-14EO3 and C16-18PO2EO4 with Decalin.
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Figure E13 Salinity scan of mixed C12-14EO3 and C16-18PO4EO6 with

Cyclohexane.
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Figure E14 Salinity scan of mixed C12-14EO3 and C16-18PO4EO6 with Heptane.
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Figure E15 Salinity scan of mixed C12-14EO3 and C16-18PO4EO6 with Decalin.
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Figure E16 Salinity scan of mixed C12-14EOS5 and C12-14EO1 with Cyclohexane.
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Figure E17 Salinity scan of mixed C12-14EOS and C12-14EO1 with Heptane.
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Figure E18 Salinity scan of mixed C12-14EOS5 and C12-14EO1 with Decalin.
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Figure E19 Salinity scan of mixed C12-14EOS and C12-14EO2 with Cyclohexane.
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Figure E20 Salinity scan of mixed C12-14EOS and C12-14EO2 with Heptane.
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Figure E21 Salinity scan of mixed C12-14EOS5 and C12-14EO2 with Decalin.
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Figure E22 Salinity scan of mixed C12-14EQOS5 and C12-14EO12 with Cyclohexane.
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Figure E23 Salinity scan of mixed C12-14EOS and C12-14EO12 with Heptane.
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Figure E24 Salinity scan of mixed C12-14EOS5 and C12-14EO12 with Decalin.
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Figure E25 Salinity scan of mixed C12-14EO5 and C16-18PO2EO4 with

Cyclohexane.
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Figure E26 Salinity scan of mixed C12-14EOS and C16-18PO2EO4 with Heptane.
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Figure E27 Salinity scan of mixed C12-14EOS5 and C16-18PO2EO4 with Decalin.
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Figure E28 Salinity scan of mixed C12-14EO5 and C16-18PO4EO6 with

Cyclohexane.
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Figure E29 Salinity scan of mixed C12-14EOS5 and C16-18PO4EO6 with Heptane.
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Figure E30 Salinity scan of mixed C12-14EOS5 and C16-18PO4EO6 with Decalin.
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Figure E31 Salinity scan of mixed C12-14EO9 and C12-14EO1 with Cyclohexane.
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Figure E32 Salinity scan of mixed C12-14EO9 and C12-14EO1 with Heptane.
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Figure E33 Salinity scan of mixed C12-14EO9 and C12-14EO1 with Decalin.
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Figure E34 Salinity scan of mixed C12-14EO9 and C12-14EO2 with Cyclohexane.
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Figure E35 Salinity scan of mixed C12-14EO9 and C12-14EO2 with Heptane.
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Figure E36 Salinity scan of mixed C12-14EO9 and C12-14EQO2 with Decalin.
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Figure E37 Salinity scan of mixed C12-14EO9 and C12-14EO12 with Cyclohexane.

Figure E38 Salinity scan of mixed C12-14EO9 and C12-14EO12 with Heptane.

Figure E39 Salinity scan of mixed C12-14EO9 and C12-14EO12 with Decalin.
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Figure E40 Salinity scan of mixed CI12-14EO9 and C16-18PO2EO4 with

Cyclohexane.
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Figure E41 Salinity scan of mixed C12-14EO9 and C16-18PO2EO4 with Heptane.
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Figure E42 Salinity scan of mixed C12-14EO9 and C16-18PO2EO4 with Decalin.
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Figure E43 Salinity scan of mixed CI12-14EO9 and C16-18PO4EO6 with

Cyclohexane.
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Figure E44 Salinity scan of mixed C12-14EO9 and C16-18PO4EO6 with Heptane.
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Figure E45 Salinity scan of mixed C12-14EO9 and C16-18PO4EO6 with Decalin.



Appendix F Coalescence Time of C12-14EO3 for Single Surfactant Systems

The results of coalescence time of C12-14EO3 from experiment are shown in
figure F1-F15. The boundary of time is within 1,000 minutes and the boundary of

salinity is in range of 0 — 26 %wt/vol.

1200.00 — .
Temp (°C) Salinity (Yowt/vol) Time (min)
1000.00 25 19 1000.00
/a 800.00 20 1000.00
k= 21 60.29
?; 600.00 22 27.44
g 400.00 23 1000.00
24 1000.00
200.00
0.00

19 19.5 20 20.5 21 21.5 22 22.5 23 23.5 24
Salinity (Yowt/vol)

Figure F1 The coalescence time of C12-14EO3 with Hexadecane at 25 °C.

1200
Temp (°C) Salinity (%wt/vol) Time (min)
1000 4 b 30 0.0 1000
11.0 1000
= 800
= 12.0 1000
g
e 600 13 239.24
g 400 13.5 191.50
14 1000
200 15 1000
0 16 1000

11.0 12.0 13.0 14.0 15.0 16.0
Salinity (%owt/vol)

(a)
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1200.00
Temp (°C) Salinity (%wt/vol) Time (min)
1000.00 4 A 30 18.0 1000.00
= 800.00 19.0 1000.00
é 20.5 199.27
o 600.00 21.0 119.53
g 400.00 22.0 141.03
23.0 1000.00
200.00 24.0 1000.00
0.00

18.0 19.0 20.0 21.0 22.0 23.0 24.0
Salinity (%owt/vol)

(b)

Figure F2 The coalescence time of C12-14EO3 with (a) Dodecane and (b)

Hexadecane at 30 °C.
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Figure F3 The coalescence time of C12-14EO3 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 35 °C.
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= 80000 16.0 1000.00
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0.00 20.0 1000.00
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Figure F4 The coalescence time of C12-14EO3 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 40 °C.
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Figure F5 The coalescence time of C12-14EO3 with (a) Decalin, (b) Dodecane and

(c) Hexadecane at 45 °C.
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Figure F6 The coalescence time of C12-14EO3 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 50 °C.
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Figure F7 The coalescence time of C12-14EO3 with (a) Decalin, (b) Dodecane and

(c) Hexadecane at 55 °C.
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Figure F8 The coalescence time of C12-14EO3 with (a) Dodecane and (b)

Hexadecane at 60 °C.
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Figure F9 The coalescence time of C12-14EO3 with (a) Dodecane and (b)

Hexadecane at 65 °C.
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Figure F10 The coalescence time of C12-14EO3 with (a) Dodecane and (b)
Hexadecane at 70 °C.
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Figure F11 The coalescence time of C12-14EO3 with Hexadecane at 75 °C.
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Figure F12 The coalescence time of C12-14EO3 with Hexadecane at 80 °C.
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Figure F13 The coalescence time of C12-14EO3 with Hexadecane at 85 °C.
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Figure F14 The coalescence time of C12-14EO3 with Hexadecane at 90 °C.
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Figure F15 The coalescence time of C12-14EO3 with Hexadecane at 95 °C.



Appendix G Coalescence Time of C12-14EOS for Single Surfactant Systems

The results of coalescence time of C12-14EOS from experiment are shown in
figure G1-G14. The boundary of time is within 1,000 minutes and the boundary of

salinity is in range of 0 — 26 %wt/vol.
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200.00 22.0 1000.00
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Salinity (Y%wt/vol)
(b)

Figure G1 The coalescence time of C12-14EOS5 with (a) Decalin and (b) Dodecane
at 30 °C.
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1000.00 35 0.0 1000.00
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(©)

Figure G2 The coalescence time of C12-14EOS5 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 35 °C.
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(©)

Figure G3 The coalescence time of C12-14EOS5 with (a) Decalin, (b) Dodecane and

(c) Hexadecane at 40 °C.
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23.0 1000.00
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Figure G4 The coalescence time of C12-14EOS5 with (a) Decalin, (b) Dodecane and

(c) Hexadecane at 45 °C.



1200.00
1000.00
‘g 800.00
g 600.00
£
= 400.00
200.00
0.00

1200.00
1000.00
‘= 800.00
g’ 600.00
£
S 400.00
200.00
0.00

1200.00
1000.00
800.00
600.00

time (min)

400.00
200.00
0.00

253

(©)

l Temp (°C) Salinity (%owt/vol) time (min)
50 0.0 1000.00
4.0 1000.00
5.0 266.54
5.5 61.03
6.0 138.26
6.5 1000.00
7.0 1000.00
8.0 1000.00
0.0 2.0 4.0 6.0 8.0
Salinity (Yowt/vol)
(a)
Temp (°C) Salinity (%wt/vol) Time (min)
< 4 50 0.0 1000.00
8.0 1000.00
11.0 1000.00
12.0 1000.00
13.0 21.01
14.0 62.58
15.0 103.37
16.0 146.08
11.0 13.0 15.0 17.0 17.0 1000.00
Salinity (%owt/vol) 18.0 1000.00
(b)
Temp (°C) Salinity (Yowt/vol)  time (min)
50 0.0 1000.00
4.0 1000.00
8.0 1000.00
12.0 1000.00
13.0 116.04
14.0 98.08
14.5 82.48
15.0 68.04
15.5 62.26
16.0 41.05
17.0 43.48
8.0 120 14.0 18.0 20.0 1.0 109.13
Salinity (Yowt/vol) 20.0 1000.00
21.0 1000.00

Figure G5 The coalescence time of C12-14EOS5 with (a) Decalin, (b) Dodecane and

(c) Hexadecane at 50 °C.
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1200.00 l Temp (°C) Salinity (%owt/vol) time (min)
1000.00 55 0.0 1000.00
= 80000 1.0 1000.00
g 2.0 1000.00
o 600.00 3.0 1000.00
g 400.00 3.5 227.57
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Figure G6 The coalescence time of C12-14EOS5 with (a) Decalin, (b) Dodecane and
(c) Hexadecane at 55 °C.
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0.00 12.0 96.10
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(b)

Figure G7 The coalescence time of C12-14EOS5 with (a) Dodecane and (b)
Hexadecane at 60 °C.
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0.00 9.0 1000.00
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Figure G8 The coalescence time of C12-14EOS5 with (a) Dodecane and (b)

Hexadecane at 65 °C.
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1200.00 Temp (°C) Salinity (%owt/vol) time (min)
1000.00 4 A\ 70 0.0 1000.00
= 800.00 2.0 1000.00
g 4.0 1000.00
o 600.00 6.0 230.47
g 400.00 8.0 194.38
9.0 154.20
200.00 9.5 120.17
0.00 10.0 65.09
0.0 2.0 4.0 6.0 8.0 100 12.0 10.5 101.00
Salinity (%owt/vol) 11.0 1000.00
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(b)

Figure G9 The coalescence time of C12-14EQOS5 with (a) Dodecane and (b)
Hexadecane at 70 °C.
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1000.00 2.0 1000.00
= 80000 4.0 1000.00
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o 600.00 7.0 179.34
g 400.00 7.5 140.04
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200.00 8.5 73.32
0.00 9.0 92.35
00 20 40 60 80 10.0 12.0 10.0 140.22
Salinity (Yowt/vol) 12.0 1000.00
13.0 1000.00

Figure G10 The coalescence time of C12-14EOS with Hexadecane at 75 °C.
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Temp (°C) Salinity (%owt/vol)  time (min)

1200.00 80 0.0 1000.00
1000.00 1.0 1000.00
= 800.00 2.0 1000.00
‘g 3.0 1000.00
-, 600.00 4.0 180.24
g 400.00 5.0 160.34
6.0 95.27

200.00 6.5 67.32
0.00 7.0 35.19

0.0 1.0 2.0 3.0 40 50 6.0 7.0 80 9.0 7.5 239.41

Salinity (%wt/vol) 8.0 1000.00

9.0 1000.00

Figure G11 The coalescence time of C12-14EOS with Hexadecane at 80 °C.
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o 600.00 3.0 156.37
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0.0 2.0 4.0 6.0 8.0 6.5 311.07
Salinity (%owt/vol) 7.0 1000.00
8.0 1000.00

Figure G12 The coalescence time of C12-14EOS with Hexadecane at 85 °C.
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Temp (°C) Salinity (%wt/vol) time (min)

90 0.0 1000.00
1.5 282.08
2.0 255.51
2.5 234.48
3.0 193.51
3.5 142.32
4.0 120.26
4.5 87.55
5.0 112.20
6.0 1000.00
7.0 1000.00

Figure G13 The coalescence time of C12-14EOS with Hexadecane at 90 °C.
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Figure G14 The coalescence time of C12-14EOS with Hexadecane at 95 °C.



Appendix H Coalescence Time of C12-14EO9 for Single Surfactant Systems

The results of coalescence time of C12-14EO9 from experiment are shown in
figure H1-H13. The boundary of time is within 1,000 minutes and the boundary of

salinity is in range of 0 — 26 %wt/vol.

120000 Temp (°C) Salinity (%wt/vol) Time (min)
1000.00 35 21.0 1000.00
= 800.00 21.5 1000.00
k! 22.0 24835
e 600.00 23.0 634.13
g 400.00 24.0 1000.00
245 1000.00

20000 25.0 1000.00

0.00

21.0 22.0 23.0 24.0 25.0
Salinity (Yowt/vol)

Figure H1 The coalescence time of C12-14EO9 with Decalin at 35 °C.
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Figure H2 The coalescence time of C12-14EQ9 with (a) Decalin and (b) Dodecane

at 40 °C.
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Figure H3 The coalescence time of C12-14EQ9 with (a) Decalin, (b) Dodecane and

(c) Hexadecane at 45 °C.
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Figure H4 The coalescence time of C12-14EQ9 with (a) Decalin, (b) Dodecane and

(c) Hexadecane at 50 °C.
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Figure HS The coalescence time of C12-14EQ9 with (a) Decalin, (b) Dodecane and

(c) Hexadecane at 55 °C.
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Figure H6 The coalescence time of C12-14EQ9 with (a) Dodecane and (b)

Hexadecane at 60 °C.
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Figure H7 The coalescence time of C12-14EQ9 with (a) Dodecane and (b)

Hexadecane at 65 °C.

1200.00

Temp (°C) Salinity (%wt/vol) Time (min)

1000.00 ¢ p 7
800.00
600.00

time (min)

400.00
200.00

0.00
00 20 40 6.0 8.0 10.0 12.0 14.0 16.0

Salinity (Yowt/vol)

0.0

4.0

8.0

10.0
11.0
12.0
13.0
14.0
15.0
16.0

1000.00
1000.00
1000.00
60.34
42.41
126.31
154.22
182.47
1000.00
1000.00

(a)



1200.00
Temp (°C) Salinity (%wt/vol) Time (min)

1000.00 4 \ 70 0.0 1000.00
4.0 1000.00
-/-‘5\ 800.00 8.0 1000.00
g/ 600.00 10.0 1000.00
g 12.0 87.05
= 400.00 13.0 72.54
200.00 14.0 52.24
15.0 107.28
0.00 16.0 155.03
00 30 60 9.0 12.0 150 18.0 17.0 176.20
Salinity (Yowt/vol) 18.0 1000.00
19.0 1000.00

(b)

Figure H8 The coalescence time of C12-14EQ9 with (a) Dodecane and (b)

Hexadecane at 70 °C.
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Figure H9 The coalescence time of C12-14EO9 with Hexadecane at 75 °C.
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Figure H10 The coalescence time of C12-14EO9 with Hexadecane at 80 °C.
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Figure H11 The coalescence time of C12-14EO9 with Hexadecane at 85 °C.
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Temp (°C) Salinity (%owt/vol) Time (min)
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Figure H12 The coalescence time of C12-14EO9 with Hexadecane at 90 °C.
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Figure H13 The coalescence time of C12-14EO9 with Hexadecane at 95 °C.



Appendix I Measurement of Dynamic Interfacial Tension for EACN

Calculation

The results of interfacial tension are shown in Figure I1-17 for all oil
(cyclohexane, hexane, heptane, decalin, decane, dodecane and hexadecane) included

in this work. The salinity at the minimum interfacial tension are used to calculate the

EACN value of each oil.
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3 14 15 16 17 18

Salinity (Yewt/vol) IFT (mN/m) Salinity (Yowt/vol) IFT (mN/m)
0.0 2.27840897 48 0.15173012
1.0 1.39218667 5.0 0.16679236
2.0 0.63633430 6.0 0.20489987
3.0 0.35686921 7.0 0.28081169
4.0 0.19481515 8.0 0.45861810
42 0.14776669 10.0 0.70966218
43 0.12013747 12.0 1.07188310
4.4 0.09841349 14.0 1.14773427
45 0.13097446 16.0 1.73527610
4.6 0.13649113 18.0 2.06891227

Figure I1 The interfacial tension of SDHS system with cyclohexane.
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6.0 0.36840604 9.0 0.39273717
6.5 0.26305014 10.0 0.44815396
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7.1 0.13468241 18.0 1.46888500
72 0.20956706 20.0 2.51363733

Figure I2 The interfacial tension of SDHS system with hexane.
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Figure I3 The interfacial tension of SDHS system with heptane.
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Figure 14 The interfacial tension of SDHS system with decalin.
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Figure IS The interfacial tension of SDHS system with decane.
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Figure 16 The interfacial tension of SDHS system with dodecane.
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17.1 0.25076365 210 0.96390749
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Figure I7 The interfacial tension of SDHS system with hexadecane mixed with

heptane (ratio 1:1).



Appendix J Group Occurrences for Characteristic Curvature Model for Anionic

Surfactant

The group structures for GC model that occur in the database of C. model are
shown in this appendix. The structure of anionic surfactants is divided into small
molecules as Marrero et al. (2001) concept. The number of occurrence groups are
counted and shown in the table. The data are used for regression analysis to find the

contributions for the GC model.



Table J1 First-order group occurrence for Characteristic curvature model of anionic surfactant

Group Occurrences

First-order CH; CH, CH CH=CH CH,-0 CH,COO CHCOO CONH SOy 0SSOy
Coefficient 0.6325 0.2088 -0.2082 -0.5123 -0.1555 -1.0115 0.2491 -4.8786 0.0297 -2.1970
Name Ce

SDHS Na Dihexylsulfosuccinate -0.920 2 10 0 0 0 1 1 0 1 0
SDBS Na Dodecyl Benzene sulfonate -0.900 1 10 0 0 0 0 0 0 0 0
SDS/SLS Na Dodecyl Sulfate -2.500 1 11 0 0 0 0 0 0 0 1
Sodium Octanoate -3.000 1 5 0 0 0 1 0 0 0 0
Sodium Decanoate -2.550 1 7 0 0 0 1 0 0 0 0
Sodium Dodecanoate -2.100 1 9 0 0 0 1 0 0 0 0
Sodium stearate -0.750 1 15 0 0 0 1 0 0 0 0
Sodium Oleate -1.700 1 13 0 1 0 1 0 0 0 0
Sodium Dimethylnaphthalene sulfonate -3.500 0 0 0 0 0 0 0 0 0 0
Sodium Strearoyl glutamate -5.000 1 17 0 0 0 1 1 1 0 0
Lecithin 4.000 4 30 1 1 0 2 0 0 0 0
NaC12PO4Sulfate -1.900 5 11 4 0 4 0 0 0 0 1
NaC12PO6Sulfate -1.600 7 11 6 0 6 0 0 0 0 1
NaC12PO10sulfate -1.000 11 11 10 0 10 0 0 0 0 1
NaBrancedC12PO4Sulfate -1.400 6 9 5 0 4 0 0 0 0 1
NaBrancedC12PO6Sulfate -1.100 8 9 7 0 6 0 0 0 0 1

6LC



Table J1 First-order group occurrence for Characteristic curvature model of anionic surfactant (Continued)

Group Occurrences
First-order PO, aC fused aro aCH aC-CH; aC-CH, aC-SOy CH;N* CHa,cye CH.,yc
Coefficient 1.5828 0.0444 -0.0335 0.0300 0.0047 0.0197 -0.0551 0.3260 -0.0212
Name Ce
SDHS Na Dihexylsulfosuccinate -0.920 0 0 0 0 0 0 0 0 0
SDBS Na Dodecyl Benzene sulfonate -0.900 0 0 4 0 1 1 0 0 0
SDS/SLS Na Dodecyl Sulfate -2.500 0 0 0 0 0 0 0 0 0
Sodium Octanoate -3.000 0 0 0 0 0 0 0 0 0
Sodium Decanoate -2.550 0 0 0 0 0 0 0 0 0
Sodium Dodecanoate -2.100 0 0 0 0 0 0 0 0 0
Sodium stearate -0.750 0 0 0 0 0 0 0 0 0
Sodium Oleate -1.700 0 0 0 0 0 0 0 0 0
Sodium Dimethylnaphthalene sulfonate -3.500 0 2 5 2 0 1 0 0 0
Sodium Strearoyl glutamate -5.000 0 0 0 0 0 0 0 0 0
Lecithin 4.000 1 0 0 0 0 0 1 0 0
NaC12PO4Sulfate -1.900 0 0 0 0 0 0 0 0 0
NaC12PO6Sulfate -1.600 0 0 0 0 0 0 0 0 0
NaC12PO10sulfate -1.000 0 0 0 0 0 0 0 0 0
NaBrancedC12PO4Sulfate -1.400 0 0 0 0 0 0 0 0 0
NaBrancedC12PO6Sulfate -1.100 0 0 0 0 0 0 0 0 0

08¢



Table J1 First-order group occurrence for Characteristic curvature model of anionic surfactant (Continued)

Group Occurrences

First-order CH; CH, CH CH=CH CH»-O CH,COO CHCOO CONH SOy 0SO5
Coefficient 0.6325 0.2088 -0.2082 -0.5123 -0.1555 -1.0115 0.2491 -4.8786 0.0297 -2.1970
Name Ce
NaBrancedC12PO8Sulfate -0.800 10 9 9 0 8 0 0 0 0 1
NaBrancedC12PO10Sulfate -0.500 12 9 11 0 10 0 0 0 0 1
NaBrancedC14PO8Sulfate -0.600 10 11 9 0 8 0 0 0 0 1
NaC12PO14EQ2sulfate 0.740 15 13 14 0 16 0 0 0 0 1
NaC10PO18EO2Sulfate 1.990 19 11 18 0 20 0 0 0 0 1
NaC8PO4EOSulfate -2.470 5 8 4 0 5 0 0 0 0 1
NaC8PO4Sulfate -2.480 5 7 4 0 4 0 0 0 0 1
NaC10PO4EOSulfate -2.220 5 10 4 0 5 0 0 0 0 1
NaC10PO4Sulfate -2.150 5 9 4 0 4 0 0 0 0 1
NaC12EO3Sulfate -2.890 1 14 0 0 3 0 0 0 0 1
Sodium naphthenate -2.400 1 2 0 0 0 1 0 0 0 0
NaC12-15EO2Sulfate -2.970 1 12.5 0 0 2 0 0 0 0 1
NaC12-13PO8Sulfate -0.784 9 11.5 8 0 8 0 0 0 0 1
NaC12-13PO3Sulfate -1.770 4 11.5 3 0 3 0 0 0 0 1
Br-Oxo 123 -1.550 6 9.5 5 0 4 0 0 0 0 1
TDA -1.610 8 6 7 0 4 0 0 0 0 1
L-Oxol123 -1.950 5 11.5 4 0 4 0 0 0 0 1

18¢



Table J1 First-order group occurrence for Characteristic curvature model of anionic surfactant (Continued)

Group Occurrences

First-order POy aC fused aro aCH aC-CHj; aC-CH, aC-SO3 CH;N* CHj,cye CH.ye
Coefficient 1.5828 0.0444 -0.0335 0.0300 0.0047 0.0197 -0.0551 0.3260 -0.0212
Name Ca
NaBrancedC12PO8Sulfate -0.800 0 0 0 0 0 0 0 0 0
NaBrancedC12PO10Sulfate -0.500 0 0 0 0 0 0 0 0 0
NaBrancedC14PO8Sulfate -0.600 0 0 0 0 0 0 0 0 0
NaC12PO14EO2sulfate 0.740 0 0 0 0 0 0 0 0 0
NaC10PO18EO2Sulfate 1.990 0 0 0 0 0 0 0 0 0
NaC8PO4EOSulfate -2.470 0 0 0 0 0 0 0 0 0
NaC8PO4Sulfate -2.480 0 0 0 0 0 0 0 0 0
NaC10PO4EOSulfate -2.220 0 0 0 0 0 0 0 0 0
NaC10PO4Sulfate -2.150 0 0 0 0 0 0 0 0 0
NaC12EO3Sulfate -2.890 0 0 0 0 0 0 0 0 0
Sodium naphthenate -2.400 0 0 0 0 0 0 0 3 2
NaC12-15EO2Sulfate -2.970 0 0 0 0 0 0 0 0 0
NaC12-13PO8Sulfate -0.784 0 0 0 0 0 0 0 0 0
NaC12-13PO3Sulfate -1.770 0 0 0 0 0 0 0 0 0
Br-Oxo 123 -1.550 0 0 0 0 0 0 0 0 0
TDA -1.610 0 0 0 0 0 0 0 0 0
L-Oxol123 -1.950 0 0 0 0 0 0 0 0 0
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Table J2 Higher-order group occurrence for Characteristic curvature model of anionic surfactant

Group Occurrences

Higher-order | AROMRINGsS's* -EO- -PO- CHy-CH; | OOC-(CH,)n-COO | COO-(CH,),-O0C | AROMFUSED[2]s's’
Coefficient 0.0122 0.0475 -0.0310 0.0747 -0.0170 -0.0551 0.0225
Name Ce
SDHS Na Dihexylsulfosuccinate -0.920 0 0 0 0 1 0 0
SDBS Na Dodecyl Benzene sulfonate -0.900 1 0 0 0 0 0 0
SDS/SLS Na Dodecyl Sulfate -2.500 0 0 0 0 0 0 0
Sodium Octanoate -3.000 0 0 0 0 0 0 0
Sodium Decanoate -2.550 0 0 0 0 0 0 0
Sodium Dodecanoate -2.100 0 0 0 0 0 0 0
Sodium stearate -0.750 0 0 0 0 0 0 0
Sodium Oleate -1.700 0 0 0 0 0 0 0
Sodium Dimethylnaphthalene sulfonate -3.500 0 0 0 0 0 0 1
Sodium Strearoyl glutamate -5.000 0 0 0 0 1 0 0
Lecithin 4.000 0 0 0 0 0 1 0
NaC12PO4Sulfate -1.900 0 0 4 0 0 0 0
NaC12PO6Sulfate -1.600 0 0 6 0 0 0 0
NaC12PO10sulfate -1.000 0 0 10 0 0 0 0
NaBrancedC12PO4Sulfate -1.400 0 0 4 0 0 0 0
NaBrancedC12PO6Sulfate -1.100 0 0 6 0 0 0 0
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Table J2 Higher-order group occurrence for Characteristic curvature model of anionic surfactant (Continued)

Group Occurrences

Higher-order AROMRINGs 's* -EO- -PO- CH,-CH; 00C-(CH,)»-COO | COO-(CH,),-0O0C | AROMFUSED|2]s's?
Coefficient 0.0122 0.0475 | -0.0310 0.0747 -0.0170 -0.0551 0.0225
Name Cea
NaBrancedC12PO8Sulfate -0.800 0 0 8 0 0 0 0
NaBrancedC12PO10Sulfate -0.500 0 0 10 0 0 0 0
NaBrancedC14PO8Sulfate -0.600 0 0 8 0 0 0 0
NaC12PO14EO2sulfate 0.740 0 2 14 0 0 0 0
NaC10PO18EO2Sulfate 1.990 0 2 18 0 0 0 0
NaC8PO4EOSulfate -2.470 0 1 0 0 0 0 0
NaC8PO4Sulfate -2.480 0 0 0 0 0 0 0
NaC10PO4EOSulfate -2.220 0 1 4 0 0 0 0
NaC10PO4Sulfate -2.150 0 0 4 0 0 0 0
NaC12EO3Sulfate -2.890 0 3 0 0 0 0 0
Sodium naphthenate -2.400 0 0 0 2 0 0 0
NaC12-15EO02Sulfate -2.970 0 2 0 0 0 0 0
NaC12-13PO8Sulfate -0.784 0 0 8 0 0 0 0
NaC12-13PO3Sulfate -1.770 0 0 3 0 0 0 0
Br-Oxo 123 -1.550 0 0 4 0 0 0 0
TDA -1.610 0 0 4 0 0 0 0
L-Oxol123 -1.950 0 0 4 0 0 0 0

¥8¢



Appendix K Example Calculation of Characteristic Curvature Model for

Anionic Surfactant

This appendix shows the example calculation when the characteristic
curvature GC model is applied to the anionic surfactant. The represents from various
structure are chosen for calculation the characteristic curvature, as compared to the

experimental value.
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Table K1 Example calculation of Characteristic curvature of Sodium Dihexyl

sulfosuccinate (SDHS)

Sodium Dihexyl sulfosuccinate

Molecular structure:

First-order group:

Groups Occurrences Coefficients
CHs 2 0.6325
CH: 10 0.2088
CH>COO 1 -1.0115
CHCOO 1 0.2491
SOs3 1 0.0297
Second-order group:
Groups Occurrences Coefficients

No Second-order group

Third-order group:

Groups Occurrences Coefficients

OOC-(CHy)m-COO 1 -0.0170

Cea calculation

Cea = ZiNiCi + ZM;D; + ZOEyx + Constant = (2x0.6325) + (10x0.2088) +
(1x-1.0115) + (1x0.2491) + (1x0.0297) + (1x-0.0170) + -3.5236 = -0.92

Experimental value =-0.92

%Absolute deviation from experimental value = 0.00%
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Table K2 Example calculation of Characteristic curvature of Sodium Decanoate

Sodium Decanoate

Molecular structure: 0

|
H3C/ CHZ\CHz/’ 2\CHQ/) Z\CHZ/ CHZ\CHz/C\o-

First-order group:

Groups Occurrences Coefficients
CH; 1 0.6325
CH: 7 0.2088

CH>COO 1 -1.0115

Second-order group:

Groups Occurrences Coefficients

No Second-order group

Third-order group:

Groups Occurrences Coefficients

No Third-order group

Cea calculation

Cea = ZiNiCi + Z;M;D; + ZkOxEx + Constant = (1x0.6325) + (7x0.2088) +
(1x-1.0115) +-3.5236 =-2.44

Experimental value = -2.55

%Absolute deviation from experimental value = 4.28%
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Table K3 Example calculation of Characteristic curvature of NaC12PO6Sulfate

NaC12PO6Sulfate
Molecular structure:
First-order group:
Groups Occurrences Coefficients
CHs 7 0.6325
CH: 11 0.2088
CH 6 -0.2082
CH:0 6 -0.1555
OSO5 1 -2.1970
Second-order group:
Groups Occurrences Coefficients
-PO- 6 -0.0310
Third-order group:
Groups Occurrences Coefficients
No Third-order group
Cea calculation
Cea = ZiNiCi + Z;M;D; + XkOxEk + Constant = (7x0.6325) + (11x0.2088) +
(6x-0.2082) + (6x-0.1555) + (1x-2.1970) + (6x-0.0310) + -3.5236 =-1.36
Experimental value =-1.60
%Absolute deviation from experimental value = 13.75%
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Table K4 Example calculation of Characteristic curvature of Sodium Branced
dodecyl-PO8Sulfate

NaBrancedC12PO8Sulfate
Molecular structure: a,
Fistordergroup: o o e
Groups Occurrences Coefficients
CHs 10 0.6325
CH: 9 0.2088
CH 9 -0.2082
CH:0 8 -0.1555
OSO5 1 -2.1970
Second-order group:
Groups Occurrences Coefficients
-PO- 8 -0.0310
Third-order group:
Groups Occurrences Coefficients
No Third-order group
Cea calculation
Cea = ZiNiC; + Z;M;D; + XkOxEk + Constant = (10x0.6325) + (9x0.2088) +
(9x-0.2082) + (8x-0.1555) + (1x-2.1970) + (8x-0.0310) + -3.5236 = -0.88
Experimental value = -0.80
%Absolute deviation from experimental value = 10.22%
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Table KS Example calculation of Characteristic curvature of NaC12EO3Sulfate

NaC12EO3Sulfate

Molecular structure: cm,

CH, CH, CHz\ /CHZ\ /CH;
CH, CH, CH, CH, CH,

CH,

|
O\CH/ CHZ\O/ CHZ\CHZ/ O\CH/ CHZ\

0805

First-order group:

Groups Occurrences Coefficients
CHs 1 0.6325
CH: 14 0.2088

CH20O 3 -0.1555

OSO5 1 -2.1970

Second-order group:

Groups Occurrences Coefficients

-EO- 3 0.0475

Third-order group:

Groups Occurrences Coefficients

No Third-order group

Cea calculation

Cea = ZiNiCi + ZM;D; + ZOEyx + Constant = (1x0.6325) + (14x0.2088) +
(3x-0.1555) + (1x-2.1970) + (1x0.0475) + -3.5236 = -2.49

Experimental value = -2.89

%Absolute deviation from experimental value = 13.90%
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Table K6 Example calculation of Characteristic curvature of Sodium naphthenate

Sodium naphthenate

Molecular structure:

First-order group:

Groups Occurrences Coefficients
CH; 1 0.6325
CH: 2 0.2088

CH>COO 1 -1.0115

CHa,cyc 3 0.3260

CHcye 2 -0.0212

Second-order group:

Groups Occurrences Coefficients

CHeye-CH, 1 0.0747

Third-order group:

Groups Occurrences Coefficients

No Third-order group

Cea calculation

Cea = ZNiCi + SM;D; + T OkEx + Constant = (1x0.6325) + (2x0.2088) +
(1x-1.0115) + (3x0.3260) x (2x-0.0212) x (1x0.0747) + -3.5236 = -2.40

Experimental value = -2.40

%Absolute deviation from experimental value = 0.00%
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Table K7 Example calculation of Characteristic curvature of Sodium Hexadecanoate

that is not included in the database

Sodium Hexadecanoate

Molecular structure:

CH, CH, CH, CH, CH, CH, CH, c

H,C CH; “CH; CH, CH; CH; CH; CH, o

First-order group:

Groups Occurrences Coefficients
CHs 1 0.6325
CH: 13 0.2088

CHCOO 1 -1.0115

Second-order group:

Groups Occurrences Coefficients

No Second-order group

Third-order group:

Groups Occurrences Coefficients

No Third-order group

Cea calculation

Cea = ZiNiCi + ZM;Dj + ZkOkEx + Constant = (1x0.6325) + (13x0.2088) +
(1x-1.0115) +-3.5236 =-1.19

Experimental value =-1.20

%Absolute deviation from experimental value = 1.02%




Appendix L Group Occurrences for Characteristic Curvature Model for

Nonionic Surfactant

The group structures for GC-model that occur in the database of C. model are
shown in this appendix. The structure of nonionic surfactants is divided into small
molecules as Marrero et al. (2001) concept. The number of occurrence groups are
counted and shown in the table. The data are used for regression analysis to find the

contributions for the GC-model.



Table L1 First-order group occurrence for Characteristic curvature model of nonionic surfactant

Group Occurrences

First-order CHs CH: CH -C- CH=CH CH>-O | HOCH:CH:0 | aC-CH:
Coefficient 3.8748 -0.1414 | -2.4252 4.0524 1.6764 -0.1672 -2.9765 1.2456
Name Cen

C6EO3 0.100 1 0 0 0 2 1 0
C6EO4 -1.600 1 0 0 0 3 1 0
C8EO4 0.300 1 10 0 0 0 3 1 0
C8EOS5 -1.000 1 11 0 0 0 4 1 0
C9EO4.5 -0.960 1 11.5 0 0 0 3.5 1 0
C9EOS5 -0.450 1 12 0 0 0 4 1 0
CI0EO4 1.300 1 12 0 0 0 3 1 0
CI0EO6 -0.900 1 14 0 0 0 5 1 0
C11.5EO5 -1.005 1 14.5 0 0 0 4 1 0
iCI3EO8 -1.200 2 17 1 0 0 7 1 0
CI4EO7 -0.700 1 19 0 0 0 6 1 0
C9PhEO2 1.000 1 9 0 0 0 0 1 1
C9PhEOS5S 0.120 1 12 0 0 0 3 1 1
C9PhEO9 -1.600 1 16 0 0 0 7 1 1
Ci38H3406 3.500 1 10 1 0 0 0 0 0
Ca3Hs52012 -0.800 1 16 0 0 0 0 0 0
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Table L1 First-order group occurrence for Characteristic curvature model of nonionic surfactant (Continued)

Group Occurrences

First-order aCH aC-0 OH Ocye CHeye CHaz,cyc CH2COO0 -0-
Coefficient 0.0282 0.0071 -3.0494 16.1778 -1.5918 0.0789 0.2786 -0.3101
Name Cen

C6EO3 0.100 0 0 0 0 0 0 0 0
C6EO4 -1.600 0 0 0 0 0 0 0 0
C8EO4 0.300 0 0 0 0 0 0 0 0
C8EOS5 -1.000 0 0 0 0 0 0 0 0
C9EO4.5 -0.960 0 0 0 0 0 0 0 0
C9EOS5 -0.450 0 0 0 0 0 0 0 0
CI0EO4 1.300 0 0 0 0 0 0 0 0
CI0EO6 -0.900 0 0 0 0 0 0 0 0
C11.5EO5 -1.005 0 0 0 0 0 0 0 0
iCI3EO8 -1.200 0 0 0 0 0 0 0 0
CI4EO7 -0.700 0 0 0 0 0 0 0 0
C9PhEO2 1.000 4 1 0 0 0 0 0 0
C9PhEO5S 0.120 4 1 0 0 0 0 0 0
C9PhEO9 -1.600 4 1 0 0 0 0 0 0
Ci3H340¢ 3.500 0 0 3 1 3 1 1 0
CasHs2012 -0.800 0 0 7 2 9 0 1 1
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Table L1 First-order group occurrence for Characteristic curvature model of nonionic surfactant (Continued)

Group Occurrences

First-order CHs CH: CH -C- CH=CH CH>-O | HOCH:CH:0 | aC-CH:
Coefficient 3.8748 -0.1414 | -2.4252 4.0524 1.6764 -0.1672 -2.9765 1.2456
Name Cen
Ca4sHooO13 4.000 2 33 0 0 0 0 0 0
CI6EO14 -2.900 1 28 0 0 0 13 1 0
C10Glucoside -1.700 1 9 0 0 0 1 0 0
C12Glucoside -1.000 1 11 0 0 0 1 0 0
Marlox RT42 0.550 3 18 2 0 0 5 1 0
Marlox RT64 1.140 5 23 4 0 0 9 1 0
Dehydol EO1 0.320 1 12 0 0 0 0 1 0
Dehydol EO2 -0.090 1 13 0 0 0 1 1 0
Dehydol EO3 -0.410 1 14 0 0 0 2 1 0
Dehydol EO5 -0.910 1 16 0 0 0 4 1 0
Dehydol EO9 -2.210 1 20 0 0 0 8 1 0
Dehydol EO12 -3.660 1 23 0 0 0 11 1 0
CI9GEO6 -3.300 1 13 0 1 0 3 3 0
iCI13EO6 0.070 2 15 1 0 0 5 1 0
CI12E06.5 -1.200 1 16.5 0 0 0 5.5 1 0
C58H114026 -4.400 1 26 1 0 0 17 3 0
C64H124026 -3.000 1 29 1 0 1 17 3 0
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Table L1 First-order group occurrence for Characteristic curvature model of nonionic surfactant (Continued)

Group Occurrences
First-order aCH aC-0 OH Ocye CHeye CH2,cyc CH2CO0 -0-
Coefficient 0.0282 0.0071 -3.0494 16.1778 -1.5918 0.0789 0.2786 -0.3101
Name Cen
CisHooO13 4.000 0 0 6 2 9 0 2 1
CI6EO14 -2.900 0 0 0 0 0 0 0 0
C10Glucoside -1.700 0 0 4 1 5 0 0 0
C12Glucoside -1.000 0 0 4 1 5 0 0 0
Marlox RT42 0.550 0 0 0 0 0 0 0 0
Marlox RT64 1.140 0 0 0 0 0 0 0 0
Dehydol EO1 0.320 0 0 0 0 0 0 0 0
Dehydol EO2 -0.090 0 0 0 0 0 0 0 0
Dehydol EO3 -0.410 0 0 0 0 0 0 0 0
Dehydol EO5 -0.910 0 0 0 0 0 0 0 0
Dehydol EO9 -2.210 0 0 0 0 0 0 0 0
Dehydol EO12 -3.660 0 0 0 0 0 0 0 0
C9GEO6 -3.300 0 0 0 0 0 0 0 0
iCI13EO6 0.070 0 0 0 0 0 0 0 0
CI2E06.5 -1.200 0 0 0 0 0 0 0 0
C58H114026 -4.400 0 0 0 1 3 1 1 0
C64H124026 -3.000 0 0 0 1 3 1 1 0
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Table L2 Second-order group occurrence for Characteristic curvature model of nonionic surfactant

Group Occurrences

Second-order | AROMRINGs's* | CHeye-OH | CHeye-CH2 | CHeye-CH | CHeye-O | Ceye-CH2 | (CH3)2CH
Coefficient 0.0071 0.3676 -0.0833 0.0789 -0.2332 -0.3101 0.6385
Name Cen
C6EO3 0.100 0 0 0 0 0 0 0
C6EO4 -1.600 0 0 0 0 0 0 0
C8EO4 0.300 0 0 0 0 0 0 0
C8EOS -1.000 0 0 0 0 0 0 0
C9EO4.5 -0.960 0 0 0 0 0 0 0
C9EOS -0.450 0 0 0 0 0 0 0
CI0EO4 1.300 0 0 0 0 0 0 0
C10EO6 -0.900 0 0 0 0 0 0 0
C11.5EO5 -1.005 0 0 0 0 0 0 0
iC13EO8 -1.200 0 0 0 0 0 0 1
Cl14E07 -0.700 0 0 0 0 0 0 0
C9PhEO2 1.000 1 0 0 0 0 0 0
C9PhEOS5 0.120 1 0 0 0 0 0 0
C9PhEO9 -1.600 1 0 0 0 0 0 0
CisH3406 3.500 0 2 0 1 0 0 0
CasHs2012 -0.800 0 5 2 0 2 1 0

86¢



Table L2 Second-order group occurrence for Characteristic curvature model of nonionic surfactant (Continued)

Group Occurrences
Second-order | AROMRINGS's* | CHeye-OH | CHeye-CH2 | CHeye-CH | CHeye-O | Ceye-CH2 | (CH3)2CH
Coefficient 0.0071 0.3676 -0.0833 0.0789 -0.2332 -0.3101 0.6385
Name Cen
CisHooO13 4.000 0 5 2 0 2 1 0
CI6EO14 -2.900 0 0 0 0 0 0 0
C10Glucoside -1.700 0 3 1 0 1 0 0
C12Glucoside -1.000 0 3 1 0 1 0 0
Marlox RT42 0.550 0 0 0 0 0 0 0
Marlox RT64 1.140 0 0 0 0 0 0 0
Dehydol EO1 0.320 0 0 0 0 0 0 0
Dehydol EO2 -0.090 0 0 0 0 0 0 0
Dehydol EO3 -0.410 0 0 0 0 0 0 0
Dehydol EOS5 -0.910 0 0 0 0 0 0 0
Dehydol EO9 -2.210 0 0 0 0 0 0 0
Dehydol EO12 -3.660 0 0 0 0 0 0 0
CI9GEO6 -3.300 0 0 0 0 0 0 0
iC13EO6 0.070 0 0 0 0 0 0 1
CI2E06.5 -1.200 0 0 0 0 0 0 0
C58H114026 -4.400 0 0 0 1 2 0 0
C64H124026 -3.000 0 0 0 1 2 0 0
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Table L3 Third-order group occurrence for Characteristic curvature model of nonionic surfactant

Group Occurrences

Third-order (CH)n-CsHas-(OCH2CH2)m m =(3S I:);—é(;ﬁ(ll-l :f E g)’m;l >8 (CH)H-(I? EC {IZZCHZ)"‘, (CH)H-(SS};ZCHZ)%
Coefficient 0.0071 0.9765 2.0510 -0.4909
Name Cen

C6EO3 0.100 0 1 0 1
C6EO4 -1.600 0 0 0 1
C8EO4 0.300 0 1 0 0
C8EO5 -1.000 0 1 0 0
C9EO4.5 -0.960 0 1 0 0
C9EO5 -0.450 0 1 0 0
C10EO4 1.300 0 1 0 0
C10EO6 -0.900 0 1 0 0
C11.5EO5 -1.005 0 1 0 0
iC13EO8 -1.200 0 0 0 0
Cl4EO07 -0.700 0 0 1 0
C9PhEO2 1.000 1 0 0 0
C9PhEO5 0.120 1 0 0 0
C9PhEO9 -1.600 1 0 0 0
CisH3406 3.500 0 0 0 0
CsHs,012 -0.800 0 0 0 0
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Table L3 Third-order group occurrence for Characteristic curvature model of nonionic surfactant (Continued)

Group Occurrences
Third-order (CH)n-CsHas-(OCH2CH2)m m =(3S I:);—é(;ﬁ(ll-l :f E g)’m;l >8 (CH)H-(I? EC {IZZCHZ)"‘, (CH)H-(gSI-sIZCHZ)m’
Coefficient 0.0071 0.9765 2.0510 -0.4909
Name Cen
C4sHooO13 4.000 0 0 0 0
Cl16EO14 -2.900 0 0 1 0
C10Glucoside -1.700 0 0 0 0
C12Glucoside -1.000 0 0 0 0
Marlox RT42 0.550 0 0 0 0
Marlox RT64 1.140 0 0 0 0
Dehydol EO1 0.320 0 1 0 0
Dehydol EO2 -0.090 0 1 0 0
Dehydol EO3 -0.410 0 1 0 0
Dehydol EOS -0.910 0 1 0 0
Dehydol EO9 -2.210 0 1 0 0
Dehydol EO12 -3.660 0 1 0 0
C9GEO6 -3.300 0 0 0 0
iC13EO6 0.070 0 0 0 0
CI12E06.5 -1.200 0 1 0 0
C58H114026 -4.400 0 0 0 0
C64H124026 -3.000 0 0 0 0
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Appendix M Example Calculation of Characteristic Curvature Model for

Nonionic Surfactant

This appendix shows the example calculation when the characteristic
curvature GC-model is applied to the nonionic surfactant. The represents from various
structure are chosen for calculation the characteristic curvature, as compared to the

experimental value.
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Table M1 Example calculation of Characteristic curvature of Alcohol polyethylene
oxide C9EOS5

Alcohol polyethylene oxide CO9EOS5

Molecular structure:

CH, CH, cH, CH,
oH CH, CH, cH, CH,
(‘) CH, | CH, 0 CH, CH, 0 CH,
First-order group: ™ o ci; o, o o, on. o
Groups Occurrences Coefficients
CHs 1 3.8748
CH: 12 -0.1414
CH2-O 4 -0.1672
HOCH.CHxO 1 -2.9765
Second-order group:
Groups Occurrences Coefficients

No Second-order group

Third-order group:

Groups Occurrences Coefficients
(CH)n-(OCH2CH2)m, 1 0.9765
m=3,n<8andm>3,n>8

Cea calculation

Cea = ZNiCi + SM;D; + T OkEx + Constant = (1x3.8748) + (12x-0.1414) +
(4x-0.1672) + (1x-2.9765) + (1x0.7846) + 0.0402 = -0.45

Experimental value = -0.45

%Absolute deviation from experimental value = 0.06%
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Table M2 Example calculation of Characteristic curvature of Marlox® RT42

Marlox® RT42
Molecular structure: "
g
H;C v X 0 0 CH, CH. 0 CH CH ‘ OH
First-order group: -
Groups Occurrences Coefficients
CHs 3 3.8748
CH: 18 -0.1414
CH2-O 5 -0.1672
CH 2 -2.4252
HOCH.CHxO 1 -2.9765
Second-order group:
Groups Occurrences Coefficients
No Second-order group
Third-order group:
Groups Occurrences Coefficients
No Third-order group
Cea calculation
Cea = ZiNiCi + Z;M;Dj + 2kOEx + Constant = (1x3.8748) + (18x-0.1414) +
(5x-0.1672) + (2x-2.4252) + (1x-2.9765) + 0.0402 = 0.46
Experimental value = 0.55
%Absolute deviation from experimental value = 16.92%
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Table M3 Example calculation of Characteristic curvature of sucrose palimitate

(C28Hs2012)

Sucrose palimitate (C2sHs2012)

Molecular structure:

First-order group:

(3] o
\/\/\/\/\/\/\/\( o o /f"‘u
C
iy oy
O
‘1’4
B

wo

Groups Occurrences Coefficients
CHs 1 3.8748
CH: 16 -0.1414
OH 7 -3.0494
Ocye 2 16.1778
CHeye 9 -1.5918
CH.COO 1 0.2786
-O- 1 -0.3101
Second-order group:
Groups Occurrences Coefficients
CHcy-OH 5 0.3676
CHcye-CH2 2 -0.0833
CHeye-O 2 -0.2332
Ceye-CH2 1 -0.3101
Third-order group:
Groups Occurrences Coefficients

No Third-order group

Cea calculation

Cea = ZiNiCi + Z;M;Dj + 2kOxkEx + Constant = -0.80

Experimental value = -0.80

%Absolute deviation from experimental value = 0.00%




Table M4 Example calculation of Characteristic curvature of Polysorbate 20
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Polysorbate 20

Molecular structure: O
O\/a\O)K/\/W\/\
W
O o /\);OH
HO OH
o) oy,

First-order group: WAx+y+2=20

Groups Occurrences Coefficients
CHs 1 3.8748
CH: 26 -0.1414
CH 1 -2.4252
CH>-O 17 -0.1672
HOCH>CH>O 3 -2.9765
Ocye 1 16.1778
CHeye 3 -1.5918
CHa.cye 1 0.0789
CH.COO 1 0.2786

Second-order group:

Groups Occurrences Coefficients
CHcye-CH 1 0.0789
CHeye-O 2 -0.2332

Third-order group:

Groups Occurrences Coefficients

No Third-order group

Cea calculation

Cea = ZiNiCi + ZiM;jD; + XkOkEk + Constant = -2.58

Experimental value = -4.40

%Absolute deviation from experimental value =41.23%




Appendix N Group Occurrences for Krafft Point Model of Anionic Surfactant

The group structures for GC-model that occur in the database of Tx model are
shown in this appendix. The structure of anionic surfactants is divided into small
molecules as Marrero et al. (2001) concept. The number of occurrence groups are
counted and shown in the table. The data are used for regression analysis to find the

contributions for the GC-model.



Table N1 First-order group occurrence for Krafft point model of anionic surfactant

Group Occurrences

First-order CH; CH: CH CH:0 CH:CO00 SOs 0SO0s3” aC-0
Coefficients 45.9329 6.1141 -54.1220 -15.5808 1.2907 26.5247 32.6298 65.8270
Name Tkexp (°C)
C10S03 22.5 1 9 0 0 0 1 0 0
C12803 38.0 1 11 0 0 0 1 0 0
C14S03 48.0 1 13 0 0 0 1 0 0
C17S03 62.0 1 16 0 0 0 1 0 0
C18S03 70.0 1 17 0 0 0 1 0 0
C100S03 8.0 1 9 0 0 0 0 1 0
C120S03 19.0 1 11 0 0 0 0 1 0
C130S03 20.8 1 12 0 0 0 0 1 0
C140S03 30.0 1 13 0 0 0 0 1 0
C150S03 31.5 1 14 0 0 0 0 1 0
C160S03 45.0 1 15 0 0 0 0 1 0
C180S03 56.0 1 17 0 0 0 0 1 0
C7PhSO3 9.0 1 5 0 0 0 0 0 0
C8PhSO3 18.5 1 0 0 0 0 0 0
2C10PhSO3 22.0 2 0 0 0 0 0 0
2C12PhS0O3 31.5 2 0 0 0 0 0 0
2C16PhSO3 54.2 2 13 0 0 0 0 0 0
2C18PhSO3 60.8 2 15 0 0 0 0 0 0
2C13C0OS03 11.0 2 11 1 0 0 0 1 0
2C15C0S03 25.0 2 13 1 0 0 0 1 0
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Table N1 First-order group occurrence for Krafft point model of anionic surfactant (Continue)

Group Occurrences

First-order aCH aC-CH: aC-CH aC-SOs aC fused aro CF; CF: COOr
Coefficients -2.7166 69.9810 22.0837 0.0060 -0.2730 38.7274 16.0812 0.0137
Name Tkexp (°C)
C10S03 22.5 0 0 0 0 0 0 0 0
C12S03 38.0 0 0 0 0 0 0 0 0
C14S03 48.0 0 0 0 0 0 0 0 0
C17S03 62.0 0 0 0 0 0 0 0 0
C18S03 70.0 0 0 0 0 0 0 0 0
C100S03 8.0 0 0 0 0 0 0 0 0
C120S03 19.0 0 0 0 0 0 0 0 0
C130S03 20.8 0 0 0 0 0 0 0 0
C140S03 30.0 0 0 0 0 0 0 0 0
C150S03 31.5 0 0 0 0 0 0 0 0
C160S03 45.0 0 0 0 0 0 0 0 0
C180S03 56.0 0 0 0 0 0 0 0 0
C7PhSO3 9.0 4 1 0 1 0 0 0 0
C8PhSO3 18.5 4 1 0 1 0 0 0 0
2C10PhSO3 22.0 4 0 1 1 0 0 0 0
2C12PhS0O3 31.5 4 0 1 1 0 0 0 0
2C16PhSO3 54.2 4 0 1 1 0 0 0 0
2C18PhSO3 60.8 4 0 1 1 0 0 0 0
2C13CO0S03 11.0 0 0 0 0 0 0 0 0
2C15C0OS03 25.0 0 0 0 0 0 0 0 0
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Table N1 First-order group occurrence for Krafft point model of anionic surfactant (Continue)

Group Occurrences

First-order CH3 CH: CH CH:0 CH:C00 SOs OSOs aC-0
Coefficients 45.9329 6.1141 | -54.1220 | -15.5808 1.2907 26.5247 32.6298 65.8270
Name Tkexp (°C)
2C17C0OS03 30.0 2 15 1 0 0 0 1 0
C16E10S03 36.0 1 16 0 1 0 0 1 0
C16E20S03 24.0 1 17 0 2 0 0 1 0
C16E30S03 19.0 1 18 0 3 0 0 1 0
CI18E30S03 32.0 1 20 0 3 0 0 1 0
C18E40S03 18.0 1 21 0 4 0 0 1 0
CI10AESO3 8.1 1 10 0 0 1 1 0 0
CI2AESO3 24.2 1 12 0 0 1 1 0 0
CI4AESO3 36.2 1 14 0 0 1 1 0 0
CI0RSO3 12.5 1 10 0 0 1 0 1 0
CI2RSO3 26.5 1 12 0 0 1 0 1 0
C14RS03 39.0 1 14 0 0 1 0 1 0
03S0C120S03 12.0 0 12 0 0 0 0 2 0
03S0C140S03 24.8 0 14 0 0 0 0 2 0
03S0C160S03 39.1 0 16 0 0 0 0 2 0
03S0C180S03 449 0 18 0 0 0 0 2 0
03SPhOC60PhSO3 20.0 0 6 0 0 0 0 0 2
0O3SPhOC80OPhSO3 28.0 0 8 0 0 0 0 0 2
0O3SPhOC100PhSO3 59.0 0 10 0 0 0 0 0 2
0O3SPhOC120PhS0O3 70.0 0 12 0 0 0 0 0 2
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Table N1 First-order group occurrence for Krafft point model of anionic surfactant (Continue)

Group Occurrences

First-order aCH aC-CH: aC-CH aC-S0Os" aC fused aro CF; CF: COO
Coefficients -2.7166 69.9810 22.0837 0.0060 -0.2730 38.7274 | 16.0812 | 0.0137
Name Tkexp (°C)
2C17C0OS03 30.0 0 0 0 0 0 0 0 0
CI16E10S03 36.0 0 0 0 0 0 0 0 0
C16E20S03 24.0 0 0 0 0 0 0 0 0
C16E30S03 19.0 0 0 0 0 0 0 0 0
CI8E30S03 32.0 0 0 0 0 0 0 0 0
C18E40S03 18.0 0 0 0 0 0 0 0 0
CI0AESO3 8.1 0 0 0 0 0 0 0 0
CI2AESO3 24.2 0 0 0 0 0 0 0 0
CI14AESO3 36.2 0 0 0 0 0 0 0 0
CI0RSO3 12.5 0 0 0 0 0 0 0 0
CI12RS03 26.5 0 0 0 0 0 0 0 0
C14RSO03 39.0 0 0 0 0 0 0 0 0
03S0C120S03 12.0 0 0 0 0 0 0 0 0
03S0C140S03 24.8 0 0 0 0 0 0 0 0
03S0C160S03 39.1 0 0 0 0 0 0 0 0
03S0OC180S03 449 0 0 0 0 0 0 0 0
03SPhOC60PhSO3 20.0 8 0 0 2 0 0 0 0
03SPhOC80OPhSO3 28.0 8 0 0 2 0 0 0 0
03SPhOC100PhSO3 59.0 8 0 0 2 0 0 0 0
03SPhOC120PhSO3 70.0 8 0 0 2 0 0 0 0
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Table N1 First-order group occurrence for Krafft point model of anionic surfactant (Continue)

Group Occurrences

First-order CHs CH: CH CH:0 CH:CO0 SOs 0SOs aC-0
Coefficients 45.9329 6.1141 -54.1220 | -15.5808 1.2907 26.5247 32.6298 65.8270
Name Tkexp (°C)

O3SCRCI12RCSO3 23.5 0 16 0 0 2 2 0 0
0O3SCRCI14RCSO3 31.0 0 18 0 0 2 2 0 0
O3SCRCI16RCSO3 38.5 0 20 0 0 2 2 0 0
1,4 NS-8 9.0 1 6 0 0 0 0 0 0
1,4 NS-10 21.0 1 8 0 0 0 0 0 0
1,4 NS-14 50.0 1 12 0 0 0 0 0 0
1,4 NS-16 64.0 1 14 0 0 0 0 0 0
C7F15COONa 8.6 0 0 0 0 0 0 0 0
C8F17COONa 24.6 0 0 0 0 0 0 0 0
C7F15SO3Na 56.5 0 0 0 0 0 1 0 0
C10F21COONa 58.3 0 0 0 0 0 0 0 0
C12F25COONa 89.0 0 0 0 0 0 0 0 0
C8F17SO3Na 75.0 0 0 0 0 0 1 0 0
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Table N1 First-order group occurrence for Krafft point model of anionic surfactant (Continue)

Group Occurrences

First-order aCH aC-CH: aC-CH aC-SOs3 aC fused aro CF; CF: COOr
Coefficients -2.7166 69.9810 22.0837 0.0060 -0.2730 38.7274 16.0812 0.0137
Name Tkexp (°C)

O3SCRCI12RCSO3 23.5 0 0 0 0 0 0 0 0
0O3SCRCI14RCSO3 31.0 0 0 0 0 0 0 0 0
O3SCRC16RCSO3 38.5 0 0 0 0 0 0 0 0
1,4 NS-8 9.0 6 1 0 1 2 0 0 0
1,4 NS-10 21.0 6 1 0 1 2 0 0 0
1,4 NS-14 50.0 6 1 0 1 2 0 0 0
1,4 NS-16 64.0 6 1 0 1 2 0 0 0
C7F15COONa 8.6 0 0 0 0 0 1 6 1
C8F17COONa 24.6 0 0 0 0 0 1 7 1
C7F15SO3Na 56.5 0 0 0 0 0 1 6 0
C10F21COONa 58.3 0 0 0 0 0 1 9 1
C12F25COONa 89.0 0 0 0 0 0 1 11 1
C8F17SO3Na 75.0 0 0 0 0 0 1 7 0
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Table N2 Higher-order group occurrence for Krafft point model of anionic surfactant

Group Occurrences

Higher-order

AROMRINGs's*

“0sS-aromatic-O

00C-(CH2)a-COO

"0xS-(CH2)s-0OCO

aC-0O-(CHz)s-O-aC

AROFUSEDs!s*

"O3S-alkyl tail

Coefficients 0.0060 -0.0005 -7.6915 -0.1607 -0.0003 -0.1365 21.6530
Name Tkexp (°C)
C10S03 22.5 0 0 0 0 0 0 1
C12803 38.0 0 0 0 0 0 0 1
C14S03 48.0 0 0 0 0 0 0 1
C17S03 62.0 0 0 0 0 0 0 1
C18S03 70.0 0 0 0 0 0 0 1
C100S03 8.0 0 0 0 0 0 0 0
C120S03 19.0 0 0 0 0 0 0 0
C130S03 20.8 0 0 0 0 0 0 0
C140S03 30.0 0 0 0 0 0 0 0
C150S03 31.5 0 0 0 0 0 0 0
C160S03 45.0 0 0 0 0 0 0 0
C180S03 56.0 0 0 0 0 0 0 0
C7PhSO3 9.0 1 0 0 0 0 0 0
C8PhSO3 18.5 1 0 0 0 0 0 0
2C10PhSO3 22.0 1 0 0 0 0 0 0
2C12PhS0O3 31.5 1 0 0 0 0 0 0
2C16PhSO3 54.2 1 0 0 0 0 0 0
2C18PhSO3 60.8 1 0 0 0 0 0 0
2C13C0OS03 11.0 0 0 0 0 0 0 0
2C15C0OS03 25.0 0 0 0 0 0 0 0
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Table N2 Higher-order group occurrence for Krafft point model of anionic surfactant (Continue)

Group Occurrences

Higher-order AROMRINGs's* “03S-aromatic-O | OOC-(CH,),-COO | "OS~(CH,),-OCO | aC-O-(CH,),-0-aC | AROFUSEDs's* | "0;S-alkyl tail
Coefficients 0.0060 -0.0005 -7.6915 -0.1607 -0.0003 -0.1365 21.6530
Name Tk,exp
2C17C0OS03 30.0 0 0 0 0 0 0 0
CI6E10S0O3 36.0 0 0 0 0 0 0 0
CI16E20S03 24.0 0 0 0 0 0 0 0
CI16E30S03 19.0 0 0 0 0 0 0 0
CI8E30S03 32.0 0 0 0 0 0 0 0
C18E40S03 18.0 0 0 0 0 0 0 0
CI0AESO3 8.1 0 0 0 1 0 0 0
CI12AESO3 24.2 0 0 0 1 0 0 0
CI4AESO3 36.2 0 0 0 1 0 0 0
CI0RSO3 12.5 0 0 0 1 0 0 0
C12RS03 26.5 0 0 0 1 0 0 0
CI14RS0O3 39.0 0 0 0 1 0 0 0
03SOC120S03 12.0 0 0 0 0 0 0 0
03S0C140S03 24.8 0 0 0 0 0 0 0
03S0C160S03 39.1 0 0 0 0 0 0 0
03S0C180S03 44.9 0 0 0 0 0 0 0
03SPhOC60PhSO3 20.0 2 2 0 0 1 0 0
03SPhOC8OPhSO3 28.0 2 2 0 0 1 0 0
03SPhOC100PhSO3 59.0 2 2 0 0 1 0 0
0O3SPhOC120PhSO3 70.0 2 2 0 0 1 0 0
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Table N2 Higher-order group occurrence for Krafft point model of anionic surfactant (Continue)

Group Occurrences

Higher-order AROMRINGs's* | -O;S-aromatic-O 00C-(CH,),-COO "0,S-(CH,),-OCO aC-0-(CH,),-0-aC | AROFUSEDs's* | -O;S-alkyl tail
Coecfficients 0.0060 -0.0005 -7.6915 -0.1607 -0.0003 -0.1365 21.6530
Name Tk,exp
O3SCRCI12RCSO3 23.5 0 0 1 2 0 0 0
O3SCRCI14RCSO3 31.0 0 0 1 2 0 0 0
O3SCRC16RCSO3 38.5 0 0 1 2 0 0 0
1,4 NS-8 9.0 1 0 0 0 0 1 0
1,4 NS-10 21.0 1 0 0 0 0 1 0
1,4 NS-14 50.0 1 0 0 0 0 1 0
1,4 NS-16 64.0 1 0 0 0 0 1 0
C7F15COONa 8.6 0 0 0 0 0 0 0
C8F17COONa 24.6 0 0 0 0 0 0 0
C7F15SO3Na 56.5 0 0 0 0 0 0 1
CI10F21COONa 583 0 0 0 0 0 0 0
C12F25COONa 89.0 0 0 0 0 0 0 0
C8F17SO3Na 75.0 0 0 0 0 0 0 1
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Appendix O Example calculation of the Krafft point GC-model of anionic

surfactant

The Krafft point GC-model of anionic surfactant applies to each anionic group:
Linear-Alkyl Sulfonate, Linear-Alkyl Sulfate, Linear-Alkyl Phenyl Sulfonate,
Branched-Alkyl Phenyl Sulfonate, Branched-Alkyl Sulfate, Linear-Alkyl Ethoxylate
Sulfate, Linear-Acyl ethoxylate Sulfonate, Linear-Acyl ethoxylate Sulfate, Linear-
Alkyl Disulfate, 1,n-Di(p-Sulfonicphenoxy)-Alkane, 1,n-Di(Sulfoalkanoate)-Alkane,
Alkyl Naphthalene Sulfonate and Linear-Fluorocarbon Surfactants. The example

calculation are shown in the Table O1-O13.
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Table O1 Example calculation of Krafft point of C14SO3 (Tetradecyl sulfonate) for

linear-alkyl sulfonate surfactant

C14S03

Molecular structure:

H,C CHZ\ /CHZ\ /CHZ\ /CHZ\ /CHZ\ /CHZ\ /sog-
CH, CH, CH, CH, CH, CH, CH,

First-order group:

Groups Occurrences Coefficients (°C)
CH3 1 45.9329
CH: 13 6.1141
SOs3 1 26.5247

Second-order group:

Groups Occurrences Coefficients (°C)

No Second-order group

Third-order group:

Groups Occurrences Coefficients (°C)

"Os3S-alkyl tail 1 21.6530

Tk calculation

Tkcate (°C) = ZiNiCi + ZM;Dj + ZxOkEx + Constant = (1x45.9329) + (13x6.1141) +
(1x26.5247) + (1x21.6530) + (-126.6285) = 49.96 °C

Experimental value = 48.00 °C

%Absolute deviation from experimental value = 2.16%
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Table O2 Example calculation of Krafft point of C140SO3 (Tetradecyl sulfate) for

linear-alkyl sulfate surfactant

C140803

Molecular structure:

N

H,C CH, CH, CH, CH, CH, CH, 0S0
NSNS NS NS NSNS NS
CH, CH, CH, CH, CH, CH, CH,

First-order group:

Groups Occurrences Coefficients (°C)
CH; 1 45.9329
CH: 13 6.1141

0OSO5° 1 32.6928

Second-order group:

Groups Occurrences Coefficients (°C)

No Second-order group

Third-order group:

Groups Occurrences Coefficients (°C)

No Third-order group

Tk calculation

Tkcate (°C) = ZiNiCi + ZM;Dj + ZxOkEx + Constant = (1x45.9329) + (13x6.1141) +
(1x32.6928) + (-126.6285) = 31.42 °C

Experimental value = 30.00 °C

%Absolute deviation from experimental value = 4.72%
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Table O3 Example calculation of Krafft point of C7PhSO3 (Heptaphenyl sulfonate)

for linear-alkyl phenyl sulfonate surfactant

C7PhSO3

Molecular structure:

First-order group:

HEC\ /CHZ\ /CHz\ /CH2
CH, CH, CH, \QSOz'

Groups Occurrences Coefficients (°C)
CH; 1 45.9329
CHz 5 6.1141
aCH 4 -2.7166
aC-CHz 1 69.9810
aC-SOs3° 1 0.0060
Second-order group:
Groups Occurrences Coefficients (°C)
AROMRINGs's* 1 0.0060
Third-order group:
Groups Occurrences Coefficients (°C)

No Third-order group

Tk calculation

=9.00 °C

Tk cate (°C) = ZiNiCi + ZM;D; + ZkOkEx + Constant = (1x45.9329) + (5x6.1141) +
(4x-2.7166) + (1x69.9810) + (1x0.0060) + (1x0.0060) + (-126.6285)

Experimental value = 9.00 °C

%Absolute deviation from experimental value = 0.02%
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Table O4 Example calculation of Krafft point of 2C12PhSO3 for branched-alkyl

phenyl sulfonate surfactant

2C12PhSO3

Molecular structure:

First-order group:

H;C \ . /CHZ\CH2 /CH2 \ CHZ/CH\ CHZ/CHZ\ CH:/ CH\@ N

CH,

/

Groups Occurrences Coefficients (°C)
CH; 2 45.9329
CHz 9 6.1141
aCH 4 -2.7166
aC-CH 1 22.0837
aC-SOs3° 1 0.0060
Second-order group:
Groups Occurrences Coefficients (°C)
AROMRINGs's* 1 0.0060
Third-order group:
Groups Occurrences Coefficients (°C)

No Third-order group

Tk calculation

=31.49 °C

Tkcate (°C) = ZiNiCi + ZM;D; + ZkOkEx + Constant = (2x45.9329) + (9x6.1141) +
(4x-2.7166) + (1x22.0837) + (1x0.0060) + (1x0.0060) + (-126.6285)

Experimental value =31.50 °C

%Absolute deviation from experimental value = 0.02%
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Table OS5 Example calculation of Krafft point of 2C15COSO3 for branched-alkyl

sulfate surfactant

2C15C0OS03
Molecular structure:
/('H: CH, cH, CH, CH, CH, y CH, 0505
e cn cn, cH cH cH CH, cH
e
First-order group:
Groups Occurrences Coefficients (°C)
CH; 2 45.9329
CHz 13 6.1141
CH 1 -54.1220
(ONI0%y 1 32.6928
Second-order group:
Groups Occurrences Coefficients (°C)
No Second-order group
Third-order group:
Groups Occurrences Coefficients (°C)

No Third-order group

Tk calculation

(1x-54.1220) + (1x32.6928) + (-126.6285) = 23.23 °C

Tk cale (°C) = ZiNiCi + ZM;Dj + ZxOxEx + Constant = (2x45.9329) + (13x6.1141) +

Experimental value =25.00 °C

%Absolute deviation from experimental value = 7.09%
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Table O6 Example calculation of Krafft point of CI6E20SO3 for linear-alkyl

ethoxylate sulfate surfactant

CI16E20S03
Molecular structure:
First-order group:
Groups Occurrences Coefficients (°C)
CH; 1 45.9329
CH: 17 6.1141
CH-O 2 -15.5808
0OSO5° 1 32.6928
Second-order group:
Groups Occurrences Coefficients (°C)

No Second-order group

Third-order group:

Groups Occurrences Coefficients (°C)

No Third-order group

Tk calculation

Tk cate (°C) = ZiNiCi + ZM;D; + ZOkEx + Constant = (1x45.9329) + (17x6.1141) +
(2x-15.5808) + (1x32.6928) + (-126.6285) = 24.71 °C

Experimental value =24.00 °C

%Absolute deviation from experimental value = 2.97%
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Table O7 Example calculation of Krafft point of C12AESO3 for linear-acyl

ethoxylate sulfonate surfactant

CI12AESO3
Molecular structure:
H,C CH CH; CH; CH e ¢t 805
e CH, CH; cH, ci; CH, o cn;
First-order group:
Groups Occurrences Coefficients (°C)
CH; 1 45.9329
CH: 12 6.1141
CHCOO 1 1.2907
SOs3 1 26.5247
Second-order group:
Groups Occurrences Coefficients (°C)
No Second-order group
Third-order group:
Groups Occurrences Coefficients (°C)
-OxS-(CH2),-OCO 1 -0.1607

Tk calculation

Tk catle (°C) = ZiNiCi + ZiM;D; + ZkOkEx + Constant = (1x45.9329) + (12x6.1141) +
(1x1.2907) + (1x26.5247) + (1x-0.1607) + (-126.6285) = 20.33 °C

Experimental value = 24.20 °C

%Absolute deviation from experimental value = 16.0%
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Table O8 Example calculation of Krafft point of C12AEOSO3 for linear-acyl

ethoxylate sulfate surfactant

CI2AEOSO3
Molecular structure:
I
. H, : , CH, CH, c. CH, 080,
First-order group:
Groups Occurrences Coefficients (°C)
CHs 1 45.9329
CH: 12 6.1141
CH.COO 1 1.2907
OSO5 1 32.6928
Second-order group:
Groups Occurrences Coefficients (°C)

No Second-order group

Third-order group:

Groups

Occurrences

Coefficients (°C)

-OxS-(CH2),-OCO

1

-0.1607

Tk calculation

Tk catle (°C) = ZiNiCi + ZM;D; + ZkOkEx + Constant = (1x45.9329) + (12x6.1141) +
(1x1.2907) + (1x32.6928) + (1x-0.1607) + (-126.6285) = 26.43 °C

Experimental value =26.50 °C

%Absolute deviation from experimental value = 0.25%
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Table O9 Example calculation of Krafft point of O3SOC160SO3 for linear-alkyl

disulfate surfactant

03S0OC160S03
Molecular structure:
HC. cH, CH, o cn, ci, cn, cm, 050,
050 cH cH cH cr, cn cn cH cH

First-order group:

Groups Occurrences Coefficients (°C)

CH: 16 6.1141

(ONI0%y 2 32.6928
Second-order group:

Groups Occurrences Coefficients (°C)

No Second-order group

Third-order group:

Groups Occurrences Coefficients (°C)

No Third-order group

Tk calculation

Tk cale (°C) = ZiNiCi + ZM;Dj + ZxOxEx + Constant = (16x6.1141) + (2x32.6928) +
(-126.6285) = 36.46 °C

Experimental value =39.10 °C

%Absolute deviation from experimental value = 6.76%
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Table O10 Example calculation of Krafft point of O3SPhOC80OPhSO3 for 1,n-di(p-

sulfonicphenoxy)-alkane surfactant

O3SPhOC80OPhSO3

Molecular structure:

0,8

First-order group:

RN NN S

Groups Occurrences Coefficients (°C)
CH: 8 6.1141
aC-O 2 65.8270
aCH 8 -2.7166
aC-SOs3° 2 0.0060
Second-order group:

Groups Occurrences Coefficients (°C)
AROMRINGs's* 2 0.0060
"O3S-aromatic-O 2 -0.0005

Third-order group:
Groups Occurrences Coefficients (°C)
aC-O-(CHz)n-O-aC 1 -0.0003

Tk calculation

(-126.6285) = 32.23 °C

Tkcate (°C) = ZiNiCi + ZM;D; + ZkOkEx + Constant = (8x6.1141) + (2x65.8270) +
(8x-2.7166) + (2x0.0060) + (2x0.0060) + (2x-0.0005) + (1x-0.0003) +

Experimental value = 28.00 °C

%Absolute deviation from experimental value = 15.10%




328

Table O11 Example calculation of Krafft point of O3SCEAC14AECSO3 for 1,n-

di(sulfoalkanoate)-alkane surfactant

O3SCEACI14AECSO3
Molecular structure:
First-order group:
Groups Occurrences Coefficients (°C)
CH: 18 6.1141
CH.COO 2 1.2907
SOs3 2 26.5247
Second-order group:
Groups Occurrences Coefficients (°C)

No Second-order group

Third-order group:

Groups Occurrences Coefficients (°C)
O0OC-(CH2),-COO 1 -7.6915
"OxS-(CH2)s-OCO 2 -0.1607

Tk calculation

Tk cate (°C) = ZiNiCi + ZM;Dj + ZkOkEx + Constant = (18x6.1141) + (2x1.2907) +
(2x26.5247) + (1x-7.6915) + (2x-0.1607) + (-126.6285) = 31.04 °C

Experimental value =31.00 °C

%Absolute deviation from experimental value = 0.14%
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Table O12 Example calculation of Krafft point of 1,4 NS-10 for alkyl naphthalene

sulfonate surfactant

1,4 NS-10
Molecular structure: ‘IO
First-order group: | | |
Groups Occurrences Coefficients (°C)
CH; 1 45.9329
CHz 8 6.1141
aCH 6 -2.7166
aC-CHz 1 69.9810
aC-SO3" 1 0.0060
aC fused aromatic ring 2 -0.2730
Second-order group:
Groups Occurrences Coefficients (°C)
AROMRINGs's* 1 0.0060
Third-order group:
Groups Occurrences Coefficients (°C)
AROFUSEDs's* 1 -0.1365

Tk calculation

Tkcate (°C) = ZiNiCi + ZM;D; + ZkOkEx + Constant = (1x45.9329) + (8x6.1141) +
(6x-2.7166) + (1x69.9810) + (1x0.0060) + (2x-0.2730) + (1x0.0060) + (1x-
0.1365) + (-126.6285) =21.23 °C

Experimental value =21.00 °C

%Absolute deviation from experimental value = 1.09%
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Table O13 Example calculation of Krafft point of C10F21COONa for linear-

fluorocarbon surfactant

CI0F21COONa

Molecular structure:

First-order group:

Fsc\ /CFZ\ /C’FZ\ /CFQ\ CFZ\ /
CF, CF, CF, CFZ/ CF,

(o}

C

N

Groups Occurrences Coefficients (°C)
CH; 1 45.9329
CH: 9 6.1141
CoOr 1 0.0137
Second-order group:
Groups Occurrences Coefficients (°C)
No Second-order group
Third-order group:
Groups Occurrences Coefficients (°C)

No Third-order group

Tk calculation

Tk cale (°C) = ZNiCi + ZM;D; + ZiOEx + Constant = (1x45.9329) + (9x6.1141) +
(1x0.0137) + (-126.6285) = 56.84 °C

Experimental value = 58.30 °C

%Absolute deviation from experimental value = 2.50%
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