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WHY STUDY SURFACTANTS?

When a pollutant is introduced into the environment, its pathway and 
environmental fate is mostly determined by its (bio)degradation rate and way 
of transport. Persistent volatile compounds are rapidly transported through 
air currents and can be found many thousands of km away from their original 
source. Some volatile fluorotelomer alcohols are even hypothesized to 
travel great distances in the atmosphere and later degrade to the persistent 
surfactants PFOS and PFOA in arctic regions1. Non-volatile compounds, like 
most surfactants, usually enter the environment through waste water streams 
or surface waters. Surface or ground water currents can transport these 
chemicals and disperse them into sediments and soils. The distance over 
which these pollutants travel by water transport depends on their affinity for 
the water phase. Chemicals that dissolve poorly in water are more prone to ad/
absorb onto soil and sediments and accumulate close to their emission source. 
In contrast, chemicals that have a high affinity for water are easily dissolved 
and are transported over long distances. They can thus be found in waters 
far away from their point source (An exception are chemicals with a very high 
affinity for organic particles which may also contribute to transport over longer 
distances) The same concept is often used to understand the exposure of the 
human body to chemicals: compounds with a high affinity for water are, when 
ingested, rapidly excreted through urine while poorly dissolving chemicals are 
usually stored in tissues and body fat. Compounds that accumulate in tissues 
can more easily reach harmful concentrations than the rapidly excreted ones. 
From a risk assessment point of view, it is therefore imperative to understand 
which interactions are at play between organic compounds like surfactants 
and water or environmental sorbents. 

Surfactants are a group of surface-active chemicals whereof one part of their 
molecular structure has a high affinity with water and easily dissolves in the 
water phase, while the other part has no affinity with water and is barely 
soluble in water but likes to dissolve in oil or fat-like organic solvents.2 Having 
these contrasting properties present within a single molecule gives them the 
unique property to position themselves at interfaces between phases. As 
surface-active compounds, they lower surface tension, create foams, promote 
emulsification of immiscible phases and are subsequently very effective 
detergents.3 Surfactants are therefore used in a broad variety of products, e.g. 
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in paints, textile and paper coatings, industrial and household cleaners, all 
kinds of cosmetics like shampoos and lotions, medicines, pesticide mixtures, 
fabric detergents, softeners and fire-fighting foams, and they are used in 
industrial processes like fracking and oil recovery and so on. While most 
surfactants that are used in these products are produced through chemical 
engineering, surfactants-like compounds have a purpose in many biological 
processes and are a major component of biological membranes. Because 
of the broad utility of synthetic surfactants, residual amounts of surfactants 
are often discharged into sewage systems or enter surface waters through 
leachates from landfills and may end up dispersed in different environmental 
compartments such as water, soil and sediments.4 While their unique surface-
active properties make surfactants very useful compounds, these properties 
make it also very difficult to predict their pathways, fate and effects in 
the environment. Predictive methods that work well for common organic 
pollutants are often not applicable to surfactants and alternative methods are 
therefore urgently needed. This introductory chapter will therefore first focus 
on the interactions between organic solutes and water and what this implies 
for surfactant molecules. The chapter will end with the scope and outline of 
the current thesis and will expand on the approaches that were used to study 
the physico-chemical properties and to predict physico-chemical related 
parameters of surfactants, and how these parameters can subsequently be 
used for the prediction of environmental parameters of surfactants. 

STRUCTURE AND CLASSIFICATION OF SURFACTANTS

Surfactants are organic compounds that consist of a polar or ionogenic head 
group that readily interacts with a polar phase like water (hydrophilic, i.e. water-
liking) and a nonpolar tail group that dislikes water (hydrophobic, i.e. water-
fearing) and is therefore more comfortable in a nonpolar phase, see Figure 
1.1. Non-surfactant compounds that are either hydrophobic or hydrophilic 
distribute into a nonpolar or polar phase, respectively. However, because both 
properties are present on opposite sides within a single surfactant molecular 
structure, surfactants tend to accumulate at the interface between these two 
phases, or basically between any two phases with different properties. The 
molecules are then positioned in such a way that their hydrophobic tail is 
present in the hydrophobic phase and their hydrophilic head group is present 
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Figure 1.1: The schematic structure of the surfactants that are studied in this thesis.

Surfactant type Structure Abbreviation

Nonionic surfactants

Alcohol ethoxylates CH3(CH2)x(OCC)yOH CxEOy

Anionic surfactants

Alkyl benzene sulfonates CH3(CH2)x(C6H4)SO3
- CxBzSO3

-

Alkyl sulfonates CH3(CH2)xSO3
- CxSO3

-

Alkyl sulfates CH3(CH2)xSO4
- CxSO4

-

Alkyl carboxylates CH3(CH2)xCO2
- CxCO2

-

Perfluoroalkyl carboxylates CF3(CF2)xCO2
- PFCxCO2

-

Perfluoroalkyl sulfonates CF3(CF2)xSO3
- PFCxSO3

-

Table 1.1: Molecular structure and abbreviations of the surfactant groups that have 

been studied in this thesis.

Alkyl sulfonate SO3
-

Alkyl sulfate SO4
-

Alkyl benzenesulfonate       BzSO3
-

Alkyl carboxylate CO2
-
(H)

Per�uoroalkyl carboxylate CO2
-
(F)

Per�uoroalkyl sulfonate SO3
-
(F)

Alcohol ethoxylate EOn

Hydrophobic Hydrophilic

CH2 or CF2
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in the hydrophilic phase. Surfactants can be classified into four main types 
according to the nature of the head group, which can be anionic, cationic, 
nonionic or zwitterionic. The ionic surfactants carry a net charge on their 
head group that is positive or negative, nonionic surfactants are neutral, and 
zwitterionic surfactants can be either anionic or cationic, or both, depending 
on the pH value of the surrounding matrix.5 Within these classifications 
surfactants can be grouped according to their head group structure and 
within each surfactant group a wide variation of carbon chain lengths can be 
found. The hydrophobic carbon chain can furthermore consist of hydrocarbon 
(aliphatic, CH2) or perfluorocarbon (CF2) moieties, or a combination of both 
(Figure 1.1). The arrangement and kind of atoms in the surfactant structure 
determines the electric charge distribution of the molecule. This distribution 
is responsible for the polarity of the surfactant head group and plays a major 
role in how the surfactant molecule interacts with other molecules and in its 
behavior in a solvent or in the presence of other materials. This thesis focuses 
mostly on several groups of aliphatic anionic surfactants (alkyl carboxylates, 
alkyl sulfonates, alkyl benzene sulfonates and alkyl sulfates), anionic 
perfluoroalkyl surfactants (alkyl carboxylates and alkyl sulfonates) and a group 

of nonionic surfactants (alcohol ethoxylates), see also Table 1.1. 

UNDERSTANDING WATER

Understanding the behavior of a surfactant in water requires the 
understanding of how water behaves around the surfactant molecule. Water 
can be regarded as one of the most interesting and important compounds in 
nature. The water molecule is small and simple; it only consists of one oxygen 
and two hydrogen atoms. The fact that such a small molecule is liquid at room 
temperature is actually quite remarkable and results from the interactions 
between water molecules.6 Water has the property to be able to donate 
and accept two hydrogen-bonds per molecule. A hydrogen-bond is the 
electromagnetic attraction between a slightly positively charged hydrogen 
atom in a molecule and a lone electron pair on another molecule. The oxygen 
atom in water contains two lone electron pairs which gives a water molecule 
the ability to form a total of four hydrogen-bonds with neighboring water 
molecules. In pure water, these hydrogen-bonds are constantly broken and 
reformed and only exist for several picoseconds, yet they are strong enough 
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to impose a tetrahedral network of water molecules that are bound together 
with hydrogen-bonds.7 While hydrogen-bonds are not as strong as covalent or 
ionic bonds, the hydrogen-bond network is the reason why water is liquid at 
room temperature, has a high density, high viscosity and high surface tension. 
The oxygen atom in the water molecule has a larger electron affinity than the 
two hydrogen atoms which makes the molecule’s net electric charge unevenly 
distributed.8 Molecules with such uneven charge distributions are called polar 
molecules and water is therefore called a polar solvent. Being polar makes 
water a good solvent for other polar molecules and these molecules are 
therefore referred to as hydrophilic compounds because they readily dissolve 
in water. At the same time, water is a very poor solvent for nonpolar substances 
like oils. Nonpolar compounds or moieties are more symmetrical in their 
charge distribution and fit in badly between the polar water molecules and 
the tetrahedral structure of the bulk water phase. Compounds that dissolve 
poorly in the water phase are called hydrophobic compounds. Surfactants are 
partly polar as their hydrophilic head group has an uneven charge distribution 
and is therefore considered a polar group. On the other hand, the alkyl carbon 
chain is nonpolar and therefore acts as a hydrophobe giving surfactants its 

two-faced nature.

HYDROPHOBICITY AND HYDROPHOBIC HYDRATION 
OF THE SURFACTANT CARBON TAIL

Hydrophobic compounds are lacking direct interactions with water molecules 
in the water phase. The mechanism behind the hydrophobic effect is therefore 
rather found in the hydrogen-bond dynamics of water surrounding the 
hydrophobic compound than in specific interactions between water and the 
hydrophobe. When a hydrophobic compound is introduced into water, it is 
energetically favorable for the network of water molecules in the bulk water 
phase to minimize the number of broken hydrogen-bonds between water 
molecules.9 To accommodate a small hydrophobic compound (<1 nm), the 
network of hydrogen-bonds can elastically slightly bend to form a small cavity 
for the compound to fit in to. However, for hydrophobic molecules bigger than 
1 nm (most surfactants), bending is not sufficient and hydrogen-bonds will 
have to be broken.10 As a result, the liquid moves away from the hydrophobic 
compound and a cavity is formed with an interface of water molecules.11 At 
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the interface the water molecules are re-arranged after losing a hydrogen-
bond and are in a more rigid state than the bulk water phase. The loss of a 
hydrogen-bond increases the enthalpy of the water molecules which is then 
compensated by doing pressure-volume work to lower entropy.12,13 As a result, 
the network of water molecules around the hydrophobe has a lower density 
than the bulk phase. This is also referred to as hydrophobic hydration, and 
water molecules in this area are part of the hydration shell of the hydrophobic 
compound in the water phase.13 Hydrophobic compounds are an obstacle 
for the arrangement of water molecules and are therefore poorly soluble in 
water. They subsequently precipitate rapidly and are more likely to ad/absorb 
to adjacent hydrophobic phases. 

Hydrocarbon or perfluorocarbon moieties in the carbon tail of the surfactant 
molecule are nonpolar, do not contain hydrogen-bond donor or acceptor sites, 
and only exert very weak attractive forces on water molecules through van der 
Waals interactions. However, in comparison to the effect of volume exclusion 
in water the strength of these van der Waals interactions can be considered as 
negligible.9 The hydrophobic character of the carbon tail is therefore related to 
the size of the cavity created by the water molecules. This is then also related 
to the size of the alkyl chain of the molecule, which is of course determined 
by the number of carbon atoms in the hydrophobic tail of the surfactant. 
Both hydrocarbon and perfluorocarbon alkyl chains are hydrophobic but 
have different properties.14–16 The fluorine atoms of the perfluoroalkyl chain 
are larger than hydrogen atoms and the perfluoralkyl chains are more 
rigid.15 This obviously affects the form of the cavity in water as more water 
molecules are affected by a larger cavity size. The carbon-fluorine bond is 
furthermore one of the strongest bonds in organic chemistry due to the high 
electronegativity of the fluorine atom which results in the high persistency 
of some perfluorinated surfactants. The C-F bond is thermally and chemically 
very stable which makes these compounds more difficult to (bio)degrade.17 
Another property of the perfluoroalkyl chain is that it is both hydrophobic and 
oleophobic.18 Traditionally, hydrophobicity and oleophobicity are each other’s 
opposites because most organic chemicals are either hydrophilic or oleophilic: 
they like to be in water or in oil while the perfluoroalkyl chain does not like 
either. Perfluorinated surfactants are therefore more prone to accumulate 
at interfaces than aliphatic surfactants of the same alkyl chain length and 
this property makes them more efficient in lowering the surface tension of 
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water (and of solvents because of their oleophobic character). However, the 
environmental properties of surfactants are not only determined by the 
hydrophobicity of the alkyl chain but also heavily depend on the interactions 

between the hydrophilic head group and the water phase.

HYDROPHILIC HYDRATION AND THE HYDROPHILIC 
CHARACTER OF THE SURFACTANT HEAD GROUP

Above we discussed the importance of charge distribution and the 
resulting hydrophobic hydration around hydrophobes and that the effect of 
hydrophobicity originates from the nonpolar character of organic solutes in 
water and the inability of the hydrophobic compound to undergo hydrogen-
bonding interactions. The hydrophilic properties of surfactants result from a 
combination of polarity, hydrogen-bonding, and charge density of the head 
group structure of the molecule. All surfactant head group structures have an 
uneven charge distribution and are considered polar groups.19 This is usually 
a result of the large electron affinity of oxygen (most surfactant head groups 
contain oxygen atoms) in combination with other atoms like sulfur, carbon or 
hydrogen. Because the head group of surfactants is polar, water molecules 
arrange themselves around the head group according to their own polarity.8 
Besides this, oxygen (and some other atoms such as nitrogen) when bonded 
with hydrogen in form of a hydroxyl group (OH), can also act as a hydrogen-
bond acceptor or as a hydrogen-bond donor. In this case the water molecules 
can form hydrogen-bonds with the surfactant head group, which further 
affects their arrangement around the head group. When water molecules 
form a hydrogen-bond with the surfactant head group, the local hydrogen-
bond network between water molecules is disrupted and a zone with high-
density water is formed.20,21 Water molecules within this zone are part of the 
hydrophilic hydration sphere. The size of the hydration sphere depends on the 
charge distribution and dimensions of the hydrated group and can be several 
molecules thick when the hydrated group is ionic.22 Referring to the previous 
paragraph Hydrophobicity and hydrophobic hydration of the surfactant carbon 
tail, hydrophilic and hydrophobic hydration can therefore be distinguished 
by the formation of high and low-density water zones because the hydration 
shell of surfactants consists of high-density and low-density water on opposite 
parts of the molecule. This may contribute to some sort of ‘polarity’ of the 
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whole molecule in the bulk water phase.21 As a result of the affinity for the 
surfactant head group, the water molecules are positioned closer to this part 
of the surfactant than the water molecules at the interface of the cavity that 
is formed around the hydrophobic alkyl chain.23 The water molecules remain 
close to the head group structure and are now and then replaced by water 
molecules from the bulk, with which they are in equilibrium. The molecules 
now form a bridge between the surfactant and the bulk water and make the 
surfactant head group more soluble than its alkyl chain. Water molecules that 
are under direct influence of the surfactant head group are in a more rigid 
state than those in the bulk, since they are part of the hydration sphere of the 
surfactant.24 The number of water molecules present in the hydration sphere 
can be used to determine whether a hydrophilic compound is highly or weakly 
hydrated compared to others and is also referred to as the hydration number. 

The hydration sphere around the hydrophobic alkyl chain is only changed 
in cavity size or form when hydrocarbon moieties are added or replaced 
by perfluorocarbon moieties. However, the hydration sphere around the 
surfactant head group is more influenced by the charge distribution of 
the molecule and the resulting polarity, hydrogen-bond interactions and 
electrostatic interactions of the head group structure.25 For the head group 
of nonionic surfactants, the number of water molecules and shape of the 
hydration sphere is determined by the polarity of the head group and the 
ability to hydrogen-bond with the water molecules: the extent of hydration for 
alcohol ethoxylates is believed to be around 2 water molecules per ethoxylate 
unit.26 Due to their electrostatic character, the hydration of the head group 
structure of anionic surfactants is more complex. The presence of the alkyl 
chain near the anionic head group of the surfactant influences the ion surface 
charge density of the head group.27 For example, alkyl sulfates exhibit a much 
lower charge density than a single double-charged sulfate ion,28 and the charge 
density of the head group of alkyl benzene sulfonate is heavily influenced by 
the presence of the benzene group.25 Besides molecule specific interactions, 
hydration shells are also affected by environmental parameters such as pH, 
ionic strength or the presence of other solvents like acetonitrile or methanol 
in the water phase.24,29 Lastly, the hydration sphere does not only determine 
the behavior of compounds in water, but also affects their interaction with 

other solutes.24 
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HYDRATION OF INORGANIC IONS

When inorganic salts dissolve in water they dissociate into cations and anions. 
The electric field around these ions causes the dipolar water molecules 
to arrange themselves and form a hydration shell. Water molecules in the 
hydration shell are differently structured than molecules in the bulk water 
phase and have a larger mean density.30 The hydration of simple inorganic 
ions is often related to the anionic Hofmeister series.31 In 1888, Hofmeister 
ranked the hydration of inorganic anions based on their salting-out ability 
of proteins and proposed a difference between kosmotropes (structure-
makers) and chaotropes (structure-breakers).31,32 Kosmotropes have more 
water molecules in their hydration shell and are therefore well hydrated. When 
kosmotropes are added to an aqueous solution with proteins, they confiscate 
water molecules from the bulk water phase for their hydration sphere, the bulk 
water phase becomes more structured and the mean density of the bulk water 
phase is reduced. Kosmotropes compete with proteins for water molecules for 
solvation and therefore lower the overall solubility of proteins in the solution. 
The opposite is observed for chaotropes, they are referred to as badly hydrated, 
have less water molecules in their hydration shell, and increase protein 
solubility when added to an aqueous protein solution. Hydration of inorganic 
ions in solution is thought to be dependent on the ion surface charge density 
and progresses from small ions with high charge density (kosmotropes) to 
large ions with low charge density (chaotropes).28 An intuitive example is 
to consider an ion as a sphere with a point charge at the center. When ions 
increase in size (going down the periodic table), the sphere becomes larger 
and water molecules at the surface of the sphere are oriented further from 
the point charge at the sphere center. Water-ion interactions become weaker 
with increasing distance from the point charge. Chaotropes are ions with such 
a low charge density (high sphere diameter) that the water-ion interaction is 
weaker than the water-water interaction between molecules in bulk water.23 
The exact physical nature that results in the anionic Hofmeister series is still 
a much debated and heavily studied subject due to the complexities in the 
interactions between water molecules and ionic compounds.33,34 Thirty 
years after the publication of the Hofmeister series, Neuberg introduced 
the concept of hydrotropy.35 Hydrotropic compounds have the ability to 
dissolve hydrophobic compounds in water, however, by means other than 
micellar solubilization.36 Just like surfactants they consist of a hydrophobic 
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and a hydrophilic part, but their hydrophobic part is generally too small to 
be considered a surfactant (i.e., they have a very high Hydrophile/Lipophile 
Balance (HLB)).37 Generally, surfactant-like compounds with alkyl chain length 
of C6 and shorter are regarded as hydrotropes, while compounds with alkyl 
chain length of C7 and longer are seen as true surfactants. However, also the 
mechanism of hydrotrope action and surfactant / hydrotrope classification is 

still a subject of academic debate.37–39 

HYDRATION AND ELECTROSTATIC INTERACTIONS OF 
THE SURFACTANT HEAD GROUP

The hydration of the anionic surfactant head group also plays a role in the 
adsorption of surfactants to charged surface sites of sorbents. When dissolved 
in water, the anionic surfactants are surrounded by water molecules that are 
part of a hydration sphere. These water molecules are differently ordered and 
in a more rigid state than molecules in the bulk water phase. For an anionic 
compound to adsorb onto an ion-exchange site, it must first rearrange and 
partially shed its hydration sphere in order to interact with the ion site. The 
degree of shedding determines how close the anion can approach the ion 
site: the closer, the more tightly bound it becomes.24 The ability of the ion to 
shed more or less of the hydration sphere is then related to the affinity of the 
ion with the exchange-site. In other words, the degree of hydration can be 
related to the ion-exchange capacity of the anion: better hydrated anions 
need more shedding than badly hydrated ones. This has been observed for 
inorganic anions,40 but is thought to be just as relevant for organic anions.28 
Changing the charge distribution of the head group changes the arrangement 
of the hydration sphere and subsequently the interaction with ion-exchange 
sites. This is observed when studying the interactions of aliphatic alkyl 
carboxylates and perfluoroalkyl carboxylates.41 While the hydrocarbon chain 
of alkyl surfactants has an electron-donating effect on the surfactant head 
group, the electronegative fluorine atoms on the perfluoroalkyl chain have 
an electron-withdrawing effect on the carboxylated head group and cause 
the negative point charge of the head group to spread more towards the 
alkyl chain. The charge density of the head group is thereby heavily reduced 
and the perfluorinated carboxylate is subsequently less hydrated than the 
aliphatic carboxylate. For the perfluorocarboxylate this means that, besides 
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being already more hydrophobic due to its perfluorinated alkyl chain, its head 
group is also less hydrophilic and has likely a higher affinity for ion-exchange 
sites. Perfluorinated surfactants are therefore less hydrated than hydrocarbon 
surfactants. This effect is observed and further discussed in Chapter 4 
where hydrophilic and electrostatic interactions of anionic surfactants are 
quantified with retention on a specific stationary phase measured with liquid 
chromatography.

THE pKA VALUE OF ANIONIC SURFACTANTS

Most anionic surfactants in solution maintain a negative charge in pure water 
at a pH around 7. As discussed before, their negative charge is an effect of 
the charge distribution mainly of the head group structure of the surfactant 
molecule. Anionic head groups with a strong electric field usually bind easily 
with loose protons (H+) in the water phase, and thereby become protonated. 
When protonated, the charge on the anionic head group is more evenly 
distributed and the surfactant head group becomes electrically neutral. 
The neutral species of a surfactant behaves very different from its anionic 
species. In its neutral form, the head group is less hydrophilic and electrostatic 
interactions become less important. Anionic surfactants in their neutral form 
are not hindered by electrostatic repulsion of anionic groups on sorbents 
and are often easier absorbed on most organic environmental phases. At 
the same time their solubility is significantly lowered due to their decreased 
hydrophilicity and they become less bioavailable. Whether an anion becomes 
protonated depends on the concentration of free protons in the water phase. 
By decreasing the pH of the water phase, the concentration of protons is 
increased and protonation may take place.42 Depending on the strength of the 
electric field of the head group, anionic surfactants can become protonated. 
This is expressed by the pKa value, the pH at which 50 % of the molecules of 
an anionic compound are present in their protonated species, while the other 
50% is deprotonated (or ionized). Anionic compounds that are present in 
water at a pH value lower than their pKa value are predominantly protonated, 
but are anionic (or dissociated) above their pKa value. The relationship 
between pKa and pH shows that anionic compounds are fully protonated or 
dissociated about 2 pH units lower than their pKa, with 90% occurring within 
the first pH unit. The pKa value of anionic compounds is strongly influenced 
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by the composition of the surrounding water phase. Due to their polarity, 
water molecules are known to be very effective at shielding local charges of 
solutes or sorbents which gives water its high dielectric constant. By shielding 
the negative charge of anionic compounds, they are less prone to catch a 
proton from the water phase to bind with. When water is mixed with other 
solvents that have lower dielectric constants (e.g., methanol or acetonitrile), 
the overall dielectric constant is lowered and the electric charge of the 
anion is less suppressed.43 This subsequently increases the pKa value as the 
anion can now easier protonate at lower H+ concentrations.44 The pKa value 
of anionic surfactants is a very important parameter to keep in mind when 
measuring absorption through non-specific interactions and adsorption 
through electrostatic interactions. Unfortunately, because of the difficulty in 
pKa measurements at low pH, not many experimental pKa values are available 

for the anionic surfactants selected in the present study (Table 1.1). 

CRITICAL MICELLE CONCENTRATION AND SURFACE 
TENSION OF SURFACTANTS

At low surfactant concentrations, a fraction of surfactant monomers is 
dispersed in the bulk water phase, while another fraction accumulates at 
water-air or water-sorbent interfaces (see Figure 1.2B). The size ratio of these 
fractions is determined by the interactions between the surfactant molecules 
and the water phase.18 Hydrophobic and badly hydrated surfactants have 
less affinity for the bulk water phase and are expected to accumulate more at 
interfaces compared with less hydrophobic and highly hydrated surfactants. 
The fraction of surfactant monomers that is dissolved as single molecules in 
the water phase is referred to as the free concentration of surfactants (see 
Figure 1.2B, C and D). Freely dissolved molecules are usually more mobile and 
more (bio)available than molecules adsorbed at interfaces.45 The surfactant 
monomers at the water-air interface are positioned with their hydrophobic 
head group towards the air phase, and their hydrophilic head group towards 
the water phase. Hydrogen-bonding between water molecules at the water-
air interface, and the lack of hydrogen-bonding between water and air, results 
in surface tension at the water surface. The surfactant molecules at the water-
air interface disrupt the arrangement of the water molecules and force the 
breaking of hydrogen-bonds, and subsequently lower the surface tension of 
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water.46 This is also the main reason why surfactants are often called surface-
active compounds. Their ability to lower the surface tension of liquids is often 
used and applied in coatings and paints, where a low surface tension aids 
in the creation of a uniform layer and prevents the formation of unwanted 
droplets. 

When more surfactant monomers are added to the water phase, the free 
concentration and the number of monomers at the water-air interface may 
increase up to the point where the maximum amount of surfactant monomers 
is reached. Above this concentration, it is energetically more favorable for 
the surfactants to release the hydrophobic water shell and return the water 
molecules to the bulk water phase. The hydrophobic alkyl chains are then 
segregated from the water and are clustered together.47 The hydrophilic head 
group remains hydrated and the surfactants subsequently form aggregates. 
The most common surfactant aggregates are in the form of spherical or 
ellipsoid micelles (see Figure 1.2D), but depending on surfactant properties 
and solvent parameters, liposomes, bilayer structures, cylinders or inverted 
micelles (in case of organic solvents) can also be formed.48 The concentration at 
which surfactants start to aggregate is called the critical micelle concentration 
(CMC). The CMC of surfactants is widely studied because of its usefulness in 
numerous products.49–53 The outside of the micelle is attracted to water while 
the inside consists of a pure hydrophobic phase and micelles are therefore 
often used to disperse hydrophobic compounds in the water phase. An 
intuitive example is its use in dishwashing soap whereof surfactants are a major 
component. The cleaning capacity of soaps is achieved by the dispersion of 
badly soluble hydrophobic solutes (oils and fats) in water by using surfactant 
micelles as mediators. The hydrophobic solutes have affinity for the inside of 
the surfactant micelles and the water phase becomes an emulsion with small 
droplets of hydrophobic solutes surrounded by surfactants. Surfactants are 
therefore also regarded as emulsifying agents (Figure 1.2C). Above the CMC, 
the properties on the surfactant/water mixture changes: the surface and 
interfacial tension of water is lowered with increased surfactant concentration 
until the CMC is reached, conductivity and detergency are increased, while 
foamability remains the same (Figure 1.3). The CMC is therefore an important 
parameter for the development of surfactants for detergent and cosmetic 
use. The concentration at which the CMC is reached is specific for each type 
of surfactant and depends on its interactions with water (i.e., hydration and 
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hydrophobicity) and the properties of the specific solution (e.g., pH, ionic 
strength).50,54 

Another use of surfactants is for the creation of foams. Foams are formed 
when gas is dispersed through a surfactant solution and consists of numerous 
small bubbles of air whereof the outside of each bubble consists of a 

Figure 1.2: Different phases in which surfactants can occur depending on their 

concentration: foaming can occur when air or gas is dispersed through the surfactant 

solution (A), at low concentration there is a freely dissolved fraction of monomers in 

the water phase and an accumulation of surfactants at the air-water interface (B), at 

concentrations above the CMC, micelles start to form (D) which can be used to dissolve 

badly soluble substances in water through emulsification (C).
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Figure 1.3: Changes in the physical properties on an aqueous solution of sodium 

dodecyl sulfonate after the concentration reaches the CMC. The graph was adapted 

from Presto et al.55
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surfactant bilayer that encases a thin layer of water molecules (Figure 1.2A). 
The foamability of the surfactant determines the properties (volume, height 
and stability) of the foam, which is surfactant specific.56–58 Perfluorinated 
surfactants are much used in fire-fighting foams as foaming agents and for 
their surface-active properties. Fire-fighting foams are most effective for fire 
suppression of fuel fires. The fire suppression method of fire-fighting foam 
is coating the surface with a mixture of surfactants, preventing contact with 
oxygen. Because of the hydrophobicity and oleophobicity of perfluorinated 
surfactants, the fire-fighting foam mixture will cover the surface of the 
(hydrophobic) fuel fire.59 Alkyl surfactants more easily disperse in organic fuels 
and are less stable at high temperatures than perfluorinated surfactants.

RISK ASSESSMENT OF SURFACTANTS

Since the development of the first synthetic surfactants in the 1930’s, surfactant 
production volumes and their use have only increased. Because of the effective 
detergency of synthetic surfactants, their production quickly exceeded that 
of traditional soaps and subsequently caused a rapid increase of surfactant 
concentrations in wastewater. After reports of foaming in streams and 
wastewater treatment plants, surfactants became of environmental concern. 
The scientific community quickly identified the environmental persistency of 
branched alkyl benzene sulfonates, the most widely used group of surfactants 
at the time, as part of this problem.60 Because of the environmental fate and 
effects of synthetic surfactants, replacements were sought which would not 
result in unacceptable adverse impacts on surface waters. As a result, in the 
1960’s, the main surfactant manufacturers in North America switched from 
branched alkyl benzene sulfonates to the more readily biodegradable linear 
alkyl benzene sulfonates which resulted in a decrease of the number of 
foaming incidents in water ways.61 Yet, during the last century, we came to 
realize that some (synthetic) chemicals that in first instance did not seem to be 
acutely harmful, may affect humans and the environment over longer periods 
of time. This stimulated many developments in the area of risk assessment 
and regulation of synthetic chemicals. As a result, nowadays newly produced 
chemicals have to be thoroughly tested for their short and long term effects 
on humans as well as for their behavior and pathways in the environment 
before they can enter the market. Because of the ever-increasing production 
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and constant development of novel synthetic compounds, experimental 
testing of each compound can be a tedious and very costly process. The time 
and energy costs of chemical testing can be facilitated with the development 
of laboratory models that can act as simple representations of complex 
real-world systems. Since scientists came to understand that the behavior 
of a chemical compound is resulting from the structure of the molecule, 
it became possible to attribute certain properties to specific molecular 
groups or structural units. Combining simple predictive parameters with the 
knowledge on the effect of the chemical’s molecular structure resulted in 
the development of quantitative structure-activity relationships (QSARs). In 
1962, Hansch et al. was the first to pioneer research in the development and 
application of QSARs in environmental toxicology.62 QSAR modeling has since 
then grown, diversified and evolved from simple models based on a small set 
of compounds, to models using various descriptors and huge data sets.63,64 
Many QSARs have been developed for a broad range of organic compounds, 
but for anionic surfactants the number of QSAR studies is still limited. 

The descriptors that are mostly used in QSAR models consist of simple 
parameters that are able to express certain properties of chemical compounds. 
For example, measuring distribution of compounds between two phases or 
absorption into cells can result in simple partition or absorption constants 
which can partly reflect the behavior of chemicals in more complex systems 
like the human body. A common partition constant that is useful in estimating 
the distribution of certain chemicals within the body is the octanol-water 
partition constant (KOW). In octanol-water partitioning, the distribution of a 
chemical between the hydrophilic water phase and the hydrophobic octanol 
phase is measured and the resulting partition constant (ratio of concentrations) 
is thought to reflect the hydrophobicity of the compound. Compounds with 
high KOW values (high hydrophobicity) are mainly distributed to lipid bilayers 
of cells, while those with low KOW values are found in the more aqueous regions 
like blood serum and are more easily excreted from the body. The octanol-
water partition constant is often used to describe the hydrophobicity of organic 
compounds and tends to be a good predictor of the sorption and fate of most 
neutral polar and nonpolar organic compounds.65 Regulatory authorities such 
as the European CHemicals Agency (ECHA) and the Environmental Protection 
Agency (EPA) identify hydrophobic compounds as bioaccumulative and 
apt to pose environmental and human-health risks. For regulations, such 
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as Registration, Evaluation and Authorization of CHemicals (REACH), for the 
regulatory assessment of chemicals, the KOW constant is therefore part of many 
different predictive models that can identify chemicals as PBT (persistent, 
bioaccumulative and toxic) or non-PBT compounds. The KOW value is usually 
determined using the slow-stirring method (Test No. 123)66 or the shake 
flask method (Test No. 107)67 method from the Organisation for Economic 
Co-operation and Development (OECD). However, the determination of KOW 
values of (ionic) surfactants is technically very difficult because of their specific 
properties. The surface-active properties of surfactants will cause them to 
accumulate at the octanol–water interface, causing emulsification of both 
phases. The concentrations of surfactants in water and octanol measured 
in the slow-stirring or shake flask method are therefore not considered 
representative of the actual distribution of surfactants in the octanol-water 
system. The octanol-water partition constant is also unable to reflect the effect 
of the charged character of ionic compounds. Still, because of its importance 
for regulatory authorities the octanol-water partition constant of surfactants 
is often approximated using all kinds of alternative methods, and still used in 
surfactant QSAR models. An alternative method to predict the environmental 
behavior of polar chemicals is by determining poly-parameter linear free 
energy relationships (pp-LFER). The parameters from pp-LFER represent 
hydrophobic and hydrophilic interactions, but are only usable for nonionic 
compounds, because these parameter values are not available for ionized 
compounds.68,69 Quantitative structure-property relationships (QSPR) use the 
same fundamentals as QSAR models but use descriptors that are calculated 
by computational programs instead of experimentally measured ones. 
Properties of certain chemical structures are then calculated using quantum 
mechanical calculations. While programs based on quantum mechanical 
calculations can return reliable data for most common chemical compounds, 
for ionic chemicals these approaches are not well established. Since octanol-
water partition constants and predictive programs are the cornerstones of the 
methods used by ECHA and EPA, there is a great need for similar tools for the 
risk assessment of anionic and nonionic surfactants. 
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SCOPE OF THIS THESIS

The use of basic parameters for describing the environmental fate and 
behavior of chemical compounds plays a key role in their environmental 
risk assessment. However, for surfactants most of these parameters are 
difficult to determine and are often still poorly understood. The original aim 
of this study was therefore to identify a single hydrophobicity parameter for 
nonionic and anionic surfactants that could be used, in the same manner as 
the octanol-water partition constant, as a tool to predict their environmental 
fate and behavior. For identifying the hydrophobicity of surfactants, the focus 
would then be on measuring retention factors using high performance liquid 
chromatography (HPLC) with a C18 stationary phase. This approach would 
expand on earlier studies where retention factors from C18 stationary phases 
were used to approximate octanol-water partition constants of neutral organic 
compounds.70–72 In addition to investigating the hydrophobicity of surfactants, 
passive sampling was applied using solid phase micro-extraction (SPME) 
fibers to obtain a fiber-water partition constant for different surfactants. 
This method measures the concentration of the free monomers in the water 
phase and has previously been successfully applied to anionic and nonionic 
surfactants using polyacrylate-coated fibers as passive samplers.73–76 However, 
as the project progressed, we noticed that polyacrylate as a passive sampler 
did not fit our expectations because only non-linear partition isotherms were 
observed for the selected anionic surfactants. Additionally, the partitioning of 
anionic surfactants to polyacrylate was much influenced by the pH and the 
ionic strength of the system, variables that we hoped to bypass by using the 
polyacrylate passive sampler. Still, while it was concluded that the use of SPME 
would not easily produce a parameter that describes the physico-chemical 
properties of surfactants, the use of passive sampling resulted in a much better 
understanding of the environmental variables and surfactant properties that 
influence their environmental behavior. It was concluded that the effect 
of aqueous solution variables (pH, ionic strength) on the environmental 
behavior of surfactants is much more complex than can be expressed by a 
single partition parameter. As a result, when the project progressed, the aim 
of the present study shifted from the development of a single hydrophobicity 
parameter for surfactants towards the identification of individual physico-
chemical properties that drive the environmental behavior of anionic and 
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nonionic surfactants. The earlier mentioned HPLC approach was found to be 
successful for the quantification of hydrophobic properties of nonionic and 
anionic surfactant monomers and the fundamentals of this approach were 
subsequently used to investigate other surfactant properties (hydrophilicity 
and electrostatic interactions) by using specific HPLC stationary phases for 
each property. Since the practical aim of this study was to develop a predictive 
tool for use in environmental risk assessment of anionic and nonionic 
surfactants, the HPLC parameters that were obtained from the quantification 
of the hydrophobic, hydrophilic and electrostatic properties of surfactants 
were used for the development of a new QSAR approach that can be used in 
environmental risk assessment of nonionic and anionic surfactants. 

Principles of solid phase micro-extraction

The free concentration of a compound in the water phase is often believed 
to represent the bioavailable fraction for water organisms, and therefore this 
concentration is mostly responsible for toxicity of the compound under study. 
Measuring the free concentration in a system can be difficult because most 
traditional measuring techniques disturb the system during sampling. Solid 
phase micro-extraction (SPME) is a technique developed for measuring the 
freely dissolved concentration of organic compounds in an aqueous solution. 
SPME uses a polymer coated glass fiber to extract compounds from the 
aqueous solution. Hydrophobic compounds are usually absorbed into the 
polymer through a partition mechanism while some polar or ionic compounds 
can also be adsorbed to specific sorption sites on the surface of the polymer.73,77 
Polydimethylsiloxane (PDMS) is often used for the extraction of nonpolar 
hydrophobic compounds,78,79 while polyacrylate (PA) is generally more 
efficient for the extraction of polar compounds.73,76,77 In batch experiments, an 
SPME fiber is usually added to a vial containing the sample solution with the 
analyte. If the vial contains a binding matrix in water (e.g., dissolved organic 
matter, proteins or an organism), only the freely dissolved fraction of the 
analyte is taken up by the fiber. The fiber can be removed when equilibrium 
between the concentration in fiber and water is reached. Usually the analyte 
is extracted from the fiber using a solvent like methanol. The extracted sample 
can then be analyzed using chromatographic techniques. The concentration 
in the polymer coating of the SPME fiber is proportional to the concentration 
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in water.80 The ratio between the fiber and sample concentration is determined 
by the affinity of the analyte for the polymer coating and can be expressed 
as the fiber/water partition constant KFW. Because the sample volume is often 
several magnitudes higher than the fiber volume, SPME is often regarded as 
micro-extraction with negligible depletion (nd-SPME) of the water phase.81,82 
Polyacrylate coated SPME fibers have already been used for measuring 
partition constants of several surfactants: Rico-Rico et al. successfully used 
polyacrylate as passive sampler for the measurement of anionic alkyl benzene 
sulfonates in sea and porewater,73,83 and Droge et al. used polyacrylate fibers 
for the measurement of sorption of alcohol ethoxylates to soils.76,84 The value 
of the partition constant KFW is determined by the affinity of the compound for 
the SPME polymer coating and can be affected by environmental factors like 
pH or ionic strength (see Chapter 2). Studying the effects of these variables 
and the difference in affinities for the polymer coating between compound 
groups provides much information about their physico-chemical properties. 

Principles of high performance liquid chromatography

In the early 20th century, liquid chromatography started to become a common 
method for the separation of mixtures containing several compounds. At that 
time, the general setup usually consisted of a glass cylinder packed with a 
finely divided powder such as chalk. At the top of the column, a sample was 
introduced which was then transported through the column by a solvent that 
was poured over the sample at the top. As the solvent flows down through 
the column by gravity, the compounds from the sample begin to move 
through the column at different speeds, depending on their molecular size 
and interaction with the column powder.85 Large molecules move slower 
than small ones and molecules that are attracted to the powder move slower 
than molecules that are less attracted. Consequently, the retention time of a 
compound in the column is compound-specific and can be attributed to the 
interactions between the compound and the column packing. The compounds 
in the sample thereby become separated from each other and can be analyzed 
individually by collecting portions of the solvent leaving the column. A new 
column was used for every separation and the entire process was carried out 
manually. Nowadays, the modern form of liquid chromatography uses this 
same principle but is highly automated and offers a broad range of column 
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packings (stationary phases) that can be used for separation based on specific 
properties of compounds. With HPLC, the solvent is continually pumped 
through a reusable column using high pressure pumps for fast separation 
and the sample is automatically injected into the column. The separated 
compounds are continuously sensed by a detector as they leave the column. 
The detector is usually a mass spectrometer but other detectors, like ultra-
violet, fluorescence or certain light scattering detectors, are also common. 
Detector signals are plotted against retention time in a chromatogram. The 
entire operation is controlled by a computer which results in precise and 
highly reproducible results. 

As part of this thesis, HPLC was used to study the physico-chemical properties of 
surfactants. Retention times of surfactants on stationary phases with different 
column packings were measured and used to investigate their most prominent 
physico-chemical properties: hydrophobic, hydrophilic and electrostatic 
interactions. OECD guideline method no. 11786 was the basis for the study by 
Eadsforth and Moser (1983)87 and presents a HPLC approach for the prediction 
of octanol-water partition constants of compounds of which KOW is difficult 
to determine. Retention factors (k’) of analytes and reference compounds 
are measured with reversed-phase HPLC using a C18 stationary phase and a 
mobile phase with a constant methanol-water composition. Because of the 
very hydrophobic C18 stationary phase, the hydrophobic character of the 
compound mostly determines the retention factor, and retention factors 
are then used to predict KOW values of these substances. This approach has 
been used for the approximation of KOW values for several compound groups, 
including mostly neutral nonpolar chemicals.70,71,88–92 Because the importance 
and accuracy of octanol-water partition constants are arguable for surfactants 
(see section Risk assessment of surfactants), OECD guideline method no. 
117 was used in the present study to investigate the hydrophobicity of the 
surfactants. In HPLC, a C18 stationary phase is referred to as reversed-phase 
liquid chromatography and is used to separate compounds based on their 
hydrophobic character. In reversed-phase liquid chromatography, the 
stationary phase is usually hydrophobic and a large part of the mobile phase 
generally consists of water. For the separation of compounds based on their 
hydrophilic character, Hydrophilic Interaction LIquid Chromatography (HILIC) 
is used. In HILIC chromatography, the stationary phase is polar and the mobile 
phase contains high concentrations of organic solvent. The mechanism of 
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separation in HILIC columns is complicated and still under investigation.40,93–97 
However, it is traditionally assumed to be the result of the partitioning 
between the solvent rich mobile phase and an aqueous layer accumulated at 
the surface of the stationary phase. While the actual separation mechanism 
is more complex, this principle was used in the current thesis to study the 
hydrophilic properties of different nonionic and anionic surfactants. Lastly, 
compounds with electrostatic charges can be separated using ion-exchange 
chromatography where stationary phases have ion-exchange properties. 
These phases can hold positively charged functional groups resulting in 
increased retention of anionic compounds, or negatively charged functional 
groups for the retention of cationic compounds. In short, the separation of 
compounds in an ion-exchange column is the result of the electrostatic 
attraction between the charged compound and the immobile charged sites 
on the column surface. Increased attraction between the compound and the 
stationary phase results in high retention of the compound. Ion-exchange 
chromatography also works well for anionic surfactants,98 and has been 
used to study their electrostatic interactions. The retention mechanism of 
ion-exchange columns is, like HILIC, often complex and is affected by small 
changes in mobile phase pH or ionic strength. Actually, while often one of the 
mechanisms dominates, the retention mechanism on most columns consists 
of a mixture of reverse-phased, HILIC and ion-exchange interactions.40,97,99–101 

Aim and outline of this thesis

The aim of this theses was to improve the understanding of the environmental 
behavior of nonionic and anionic surfactants and to develop parameters that 
can aid in the prediction of their environmental fate and effects. The physico-
chemical properties of the surfactants were quantified using the HPLC 
approach and the resulting parameters were used to develop predictive QSAR 
models. Because we focused on the quantification of the molecular properties 
of surfactants as well as on the application of the resulting parameters, this 
thesis can be divided into two parts: I) the physico-chemical properties 
of surfactants, and II) the environmental properties of surfactants. Part I 
focuses more on the surfactant properties and consists of chapters 2, 3 and 
4 whereof Chapter 2 discusses the interactions between polyacrylate coated 
SPME fibers and nonionic and anionic surfactants, Chapter 3 discusses the 
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quantification of the hydrophobic properties of the surfactants using HPLC 
with a C18 stationary phase, and Chapter 4 discusses the quantification of the 
hydrophilic and electrostatic interactions using HPLC with HILIC and weak 
anion exchange (WAX) stationary phases. Part II consists of Chapters 5 and 6, 
and focuses on the effects of the properties of surfactants on environmental 
parameters. In Chapter 5, results of a universally accepted ecotoxicity test 
with anionic surfactants are presented and the usefulness of this test is further 
discussed. In Chapter 6, data from literature studies is used in combination 
with the physico-chemical based interaction parameters obtained from 
Chapters 3 and 4 for the development of new QSAR models for anionic and 
nonionic surfactants.
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ABSTRACT

Octanol-water partitioning (KOW) is considered a key parameter for 
hydrophobicity and is often applied in the prediction of the environmental 
fate and exposure of neutral organic compounds. However, surfactants can 
create difficulties in the determination of KOW because of emulsification of both 
water and octanol phases. Moreover, sorption behavior of ionic surfactants is 
not only related to hydrophobicity, but other interactions are also relevant in 
sorption processes. A different approach to develop parameters that can be 
applied in predictive modeling of the fate of surfactants in the environment is 
therefore required. Distribution between solid-phase microextraction (SPME) 
fibers and water was used in this study to measure the affinity of surfactants to 
a hydrophobic phase. Fiber-water sorption coefficients of alcohol ethoxylates, 
alkyl carboxylates, alkyl sulfates, and alkyl sulfonates were determined at pH 
7 by equilibration of the test analytes between fiber and water. Distribution 
between fiber and water of anionic compounds with pKa ~ 5 (i.e., alkyl 
carboxylates) was dominated by the neutral fraction. Anionic surfactants 
with pKa ~ 2 (i.e., alkyl sulfates and alkyl sulfonates) showed strong non-linear 
distribution to the fiber. The fiber-water sorption coefficients for alcohol 
ethoxylates and alkyl sulfates showed a linear trend with bioconcentration 
factors from literature. Fiber-water sorption coefficients are promising as 
a parameter to study the effects of hydrophobicity and other potential 
interactions on sorption behavior of neutral and anionic surfactants.

INTRODUCTION

Octanol-water partition coefficients (KOW) are often used in environmental risk 
assessment as a simple measure for hydrophobicity of organic contaminants 
to predict bioaccumulation, toxicity, and sorption to soil.1 The KOW value is 
therefore a key parameter in the prediction of environmental fate and exposure 
of organic contaminants. As indicated by Goss and Schwarzenbach,2 the term 
hydrophobicity is not always clearly defined. In this publication, they state that 
“the hydrophobic effect comes from the high amount of free energy that is 
required to form a cavity in the bulk water phase” as well as the interactions 
of the compound with water molecules.2 Both aspects, cavity formation 
as well as van der Waals, hydrogen bond, and electrostatic interactions of 
a compound with water molecules determine the ‘hydrophobicity’ of a 
compound. Sorption of compounds from the aqueous phase to another phase 
(for example passive sampling polymers, organic matter or lipids) is then the 
result of hydrophobicity and additional interactions of the compound with 
this ‘other’ phase.2 This concept is also the rationale behind the development 
of polyparameter LFERs (linear free energy relationships) that are developed 
as predictive models based on a limited number of basic properties reflecting 
these major interactions.3,4

During decades, the KOW value has been applied in development of models 
for the prediction of partition behavior of organic compounds. One of the 
reasons for the many successful correlations with KOW is the limited variability 
in chemical structures of the compounds in these models that mainly consist 
of nonpolar organic compounds where more specific interactions such 
as hydrogen bonding are absent or weak. As such, KOW is a reflection of the 
relative hydrophobicity of nonpolar organic compounds because the specific 
interactions between these compounds and other phases are considered 
minimal. However, application of the KOW value as a parameter in predictive 
models for surfactants – but also for polar and ionized chemicals in general 
– becomes problematic because of the amphiphilic nature of long carbon-
chained surfactants. Compared to neutral organic compounds, environmental 
distribution of ionized surfactants depends on more specific interactions, but 
also on solution chemistry variables such as pH and ionic strength. Another 
fundamental problem with surfactants is that the KOW value is difficult to 
determine experimentally, because surfactants accumulate at interfaces 
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and emulsify both octanol and water phases. Standardized methods like the 
shake-flask method and likely also the slow stirring method are not considered 
suitable to measure log KOW for surface-active compounds.5,6 

Alternative methods are therefore required to measure or predict the 
hydrophobicity of surfactants or to develop parameters that can be applied 
in quantitative structure-activity relationships (QSARs). QSAR models for 
more complex compounds are a necessity to meet the regulatory needs 
of the European legislation on chemicals (i.e., REACH program). Sorption 
to a hydrophobic phase other than 1-octanol may be used to reflect the 
hydrophobicity of different surfactants. Promising phases are stationary 
phases used in liquid chromatography – e.g., C18 reversed phase7–9– or 
polymers used in passive sampling or solid-phase extraction devices.10,11 In this 
study, we have selected a polyacrylate-coated solid-phase microextraction 
(SPME) fiber as a phase to study sorption of surfactants. The polyacrylate 
polymer is preferred over polydimethylsiloxane because polyacrylate is more 
sensitive towards the tested surfactants. Polyacrylate is composed of mostly 
esterified acrylic co-polymer, but the exact composition is not known. The 
polymer has a high thermal stability and chemical resistance, and mostly 
undergoes non-specific van der Waals and hydrogen bond interactions with 
neutral organic sorbates. The SPME method has been mainly applied in 
environmental studies to measure freely dissolved concentrations of neutral 
organic compounds.12 The main advantage of the SPME method is that 
phase separation is not required. A fiber with some specific coating can be 
put into a solution and can be easily withdrawn after a certain exposure time. 
The polyacrylate polymer was recently used to measure polar functionalized 
molecules such as pharmaceuticals, hormones and pesticides with moderate 
to high hydrophobicity (log KOW > 2.5).13,14 Furthermore, polyacrylate fibers 
have been shown to be applicable for the measurement of freely dissolved 
concentrations of nonionic, anionic, and cationic surfactants.15–17 For nonionic 
and anionic surfactants, fiber-water partition coefficients in seawater medium 
have been shown to be concentration independent.15,16 However, cationic 
surfactants show non-linear sorption to polyacrylate fibers because of the 
presence of acidic functional groups on the surface of the polymer.17,18 

In this study, polyacrylate fibers were used to derive an empirical parameter that 
reflects the hydrophobicity for a selection of neutral and anionic surfactants. 
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Fiber-water sorption coefficients may then be used as a parameter to predict 
sorption, bioaccumulation or toxicity for neutral and anionic surfactants 
although we realize that adsorption coefficients should not be used for 
absorption processes and vice versa. Considering that more interactions are 
involved in environmental sorption and bioconcentration processes, additional 
sorption phases may be needed in the future to predict the environmental 
behavior of neutral and anionic surfactants. Homologous series of nonionic 
and anionic surfactants (same head group but varying carbon chain length) 
and chemicals with different polar head groups were selected in this study as 
test compounds. The selected surfactant classes include alcohol ethoxylates, 
alkyl carboxylates, alkyl sulfates, and alkyl sulfonates. Solution chemistry 
variables such as pH and ionic strength are considered important variables 
for the speciation of anionic surfactants and are taken into account. Note that 
polyacrylate is a phase that will also have certain interactions with surfactants 
that need interpretation, but the strength of the approach is that it presents 
a set of experimentally determined sorption coefficients for a large number 
of surfactants from different classes to the same defined sorption phase. The 
possibility of using an alternative for octanol-water partitioning has important 
consequences for the regulatory evaluation of surfactants. New estimation 
methods for surfactants are urgently needed, because it is simply impossible 
to generate experimental data for all existing surfactants that are produced. 

MATERIALS AND METHODS

Chemicals and materials

Alcohol ethoxylates, CxEOy (C10EO4, C12EO4, C12EO5, C12EO6, C12EO7, C12EO8, 
C13EO4, C14EO8, and C16EO8) and sodium salts of linear alkyl carboxylates, CxCO2 
(C11CO2, C13CO2 and C14CO2) were obtained from Sigma-Aldrich (Zwijndrecht, 
The Netherlands). The compound C13EO8 was synthesized by Roy Sheppard, 
Unilever, Port Sunlight Research Laboratory.19 Sodium salts of linear alkyl 
sulfates (CxSO4) and linear alkyl sulfonates (CxSO3) were obtained from Sigma-
Aldrich (C12SO4) and from Research Plus (South Plainfield, NJ; C13SO4, C15SO4, 
C16SO4, C17SO4, C14SO3, C15SO3, and C16SO3). An alkyl benzene sulfonic acid, C12-
2-BzSO3

- (Cx-y-BzSO3
-; y indicates the position of the phenyl group in the alkyl 

chain) was synthesized as sodium salt by Zhu et al.20 All organic compounds 
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had purities higher than 98%, except for C10EO4 and C12-2-BzSO3
- (both 

~97%). All inorganic salts (NaH2PO4.H2O, Na2HPO4.12H2O, NaN3, CaCl2.2H2O, 
MgSO4.7H2O, NaHCO3, KHCO3, and NaCl) and glacial acetic acid were obtained 
from Merck Chemicals (Amsterdam, the Netherlands). Ammonium acetate 
and sodium acetate were purchased from Sigma-Aldrich. Methanol was 
obtained from Biosolve (Valkenswaard, The Netherlands). Ultrapure water was 
obtained from a Millipore water purification system (resistivity >18 MW/cm, 
Merck Chemicals). 

Glass optical fibers coated with polyacrylate were obtained from Polymicro 
Industries (Phoenix, AZ). Fibers with different thicknesses were used in this 
study: 7 µm (Vfiber = 3.3 µL/m) and 35 µm polyacrylate fiber (Vfiber = 15.0 µL/m). 
Fibers were cut to an appropriate length (varying from 4 to 8 cm), conditioned 
at 120 °C for 16 h under a nitrogen flow,16 and stored in ultrapure water until 
further use. Glass scintillation vials of 20-mL with polyethylene-lined caps 
were obtained from Perkin Elmer (Waltham, MA). 

Optimization of experimental test conditions

Alkyl sulfates were selected as model compounds to optimize experimental 
test conditions, i.e., influence of headspace volume and medium composition 
on recovery of analytes from water (no fibers were added in both experiments), 
and desorption of analytes from the fiber. The influence of headspace volume 
was tested by spiking alkyl sulfates (C15 to C18SO4) dissolved in methanol into 
increasing volumes of ultrapure water (v/v 0.2%; V = 20 to 24.5 mL). No biocide 
was added in this experiment. The available headspace volume was estimated 
by measuring the internal glass surface unexposed to water with a ruler. For 
all experiments, the test vials were shaken in the dark at 20±1°C and 150 rpm 
on a Laboshake reciprocal shaker from Gerhardt (Königsberg, Germany). After 
1 day of shaking, water samples were taken for direct analysis with LC-MS/MS. 
The remaining water volume was divided over two vials and methanol was 
subsequently added (methanol/water, 50/50) to measure the recovery of the 
test analytes. 

The influence of medium composition on the recovery of alkyl sulfates (C15 
to C18SO4) was tested with ultrapure water, 5 mM NaH2PO4/ Na2HPO4 pH 7 
buffer, and Dutch Standard Water (containing 1.36 mM CaCl2.2H2O, 0.73 mM 
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MgSO4.7H2O, 1.19 mM NaHCO3, and 0.20 mM KHCO3) with minimum headspace 
volume (small air bubble of < 1 cm was visible). A biocide was added to this 
experiment and all subsequent experiments to inhibit biodegradation of the 
analytes (1 mM sodium azide). After 1 week, the samples were extracted with a 
similar procedure as described above. The vial caps were extracted separately.

Desorption of analytes from fibers was tested by exposing fibers for 1 week to 
water (only containing 1 mM sodium azide) spiked with alkyl sulfates (C15 to 
C18SO4). The fibers were sequentially desorbed into methanol with or without 
10 mM ammonium acetate (two times). Finally, the fibers were extracted 
overnight in the same solvent composition. 

Fiber-water equilibration of neutral and anionic surfactants

Equilibration of the test analytes between fiber and water was measured by 
exposing fibers in sodium phosphate buffer at pH 7. Five different mixtures 
of surfactants were used: mixture A containing C10EO4, C12EO5, C12EO6, C12EO7, 
C12EO8, and C13EO8; mixture B containing C12EO4, C13EO4, C14EO8, and C16EO8; 
mixture C containing C11CO2, C13CO2, and C14CO2; mixture D containing C15SO4, 
C16SO4, C17SO4, and C18SO4; and mixture E containing C14SO3, C15SO3, and C16SO3. 
Fiber and water samples were taken in duplicate over a period of 7 days for 
mixtures A to C, and 21 days for mixtures D and E. Fibers were desorbed in 800 
mL methanol containing 10 mM ammonium acetate. The fibers were allowed 
to desorb for 1 day at room temperature. Both fiber and water samples were 
reconstituted to the desired mobile phase composition for LC-MS/MS analysis 
(80/20 methanol/water).

Fiber-water distribution of anionic surfactants

The effect of pH on distribution of C11CO2 between fibers and water was tested 
in buffered solutions at pH 3/4/5 (5 mM acetic acid/ sodium acetate buffer) and 
at pH 6/7/8 (5 mM sodium phosphate buffer) at a single aqueous concentration 
of C11CO2 (triplicate samples). To ensure detectable concentrations of C11CO2 
in fiber and water samples, total concentrations in water were increased in 
samples with higher pH values: 1800 mg/L at pH 8, 1000 mg/L at pH 7, and 300 
mg/L at pH 3/4/5/6. The fiber-water equilibration time was 7 days.
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The effect of pH and ionic strength on distribution of C12SO4 between fibers 
and water was tested at pH 4/5/6/7 (using the same buffers mentioned 
above) with increasing concentrations in water (500 to 23,000 mg/L; triplicate 
samples). Parallel to the buffered treatments (containing 8 mM Na+), sodium 
concentrations were increased at pH 7 to levels occurring in seawater (469 mM 
NaCl). The effect of calcium (10 mM CaCl2; pH 8.1) on the distribution of C12SO4 
was tested in a non-buffered treatment (because of calcium precipitation in a 
sodium phosphate buffer). Distribution of alkyl sulfates and alkyl sulfonates 
with longer chain lengths (C13SO4, C15SO4, C16SO4, C17SO4, C14SO3, C15SO3, and 
C16SO3) between fiber and water was measured for individual compounds at 
pH 7 in 5 mM sodium phosphate (50 to 4,000 mg/L; triplicate samples). The 
fiber-water equilibration time was 17 to 21 days.

Chemical analysis

All compounds were analyzed on a Perkin Elmer (Norwalk, CT) liquid 
chromatographic system (PE200 series LC) coupled to a triple quadrupole 
mass spectrometer (MDS Sciex API 3000 MS/MS System, Applied Biosystems, 
Foster City, CA). The interface was a Turbo Ion spray source operated at 250 to 
400 °C (Applied Biosystems). All compounds were optimized for MS by direct 
infusion of standard solutions of the analytes. A solvent delay switch (Da Vinci, 
Rotterdam, The Netherlands) was used to prevent that inorganic constituents 
in water samples (sodium azide and sodium phosphate) interfered with the 
ionization of the compounds and entered the mass spectrometer. The column 
used in the separation of test analytes was Gracesmart C18 column (150´2.1 
mm; 5 mm particle size; Grace Discovery Sciences, Breda, The Netherlands). The 
analytes were separated using an isocratic method with an eluent composition 
of 90:10 methanol:water containing 10 mM ammonium acetate. The mass 
spectrometer settings used in the detection of the analytes are shown in Table 
S2.1 (Supporting Information). Chromatograms were integrated with Analyst 
1.4.2 (Applied Biosystems).
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Data analysis

A first-order one-compartment model was fitted to the concentrations in fiber 
versus time with Graphpad Prism version 5.00 (Graphpad Software, San Diego, 
CA):

       (1)

where cfiber is the concentration in the fiber (in mg/L), k1 and k2 are uptake and 
elimination rate constants (in hour-1), ctotal is the total measured concentration 
in water (in mg/L), and t is time (in hours). In case the test analyte concentration 
in the aqueous solution was depleted more than 5%, eq 1 changed into:21

       (2)

The effect of pH on fiber-water distribution of C11CO2 was fitted with the fol-
lowing equation:

 (3)

where Dfiber is the fiber-water distribution coefficient (in L/L), Kfiber is the fiber-
water partition coefficient (in L/L), fneutral is the neutral fraction, and pKa is the 
acid dissociation constant.

Freundlich sorption isotherms were fitted to non-linear fiber-water sorption 
isotherms with:

       (4)

where KF is the Freundlich sorption coefficient (intercept) and N is the non-
linearity exponent (slope).
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RESULTS AND DISCUSSION

Optimization of experimental test conditions

A series of alkyl sulfates (C15 to C18SO4) were chosen as model compounds 
for optimization of the experimental conditions for the sampling of water 
(headspace volume and medium composition) and fiber (desorption 
conditions). The effect of headspace volume of the used 20-mL vials on the 
measured concentration in the aqueous phase was tested in order to check 
for possible losses from the experimental system (no fibers were added). The 
volume of water (without added salts) was varied from 20 to 24.5 mL. With 
increasing headspace volume, increased losses were observed with increasing 
chain length of alkyl sulfates, see Figure S2.1 (Supporting Information). These 
losses were attributed to either sorption to the glass wall or to the air-water 
interface. Hardly any effect of headspace volume was observed for C15SO4, but 
losses up to 67% were observed for C18SO4. Subsequent experiments were 
therefore performed with minimum headspace volume. Previously, recoveries 
of alcohol ethoxylates were also increased by minimization of the headspace 
volume.15

The effect of medium composition on the recovery of alkyl sulfates (C15 
to C18SO4) from the water phase was subsequently tested (no fibers were 
added). Recoveries from ultrapure water and 5 mM sodium phosphate buffer 
at pH 7 were about 100%, but recoveries decreased with increasing chain 
length of alkyl sulfates in water containing divalent cations such as calcium 
and magnesium, see Figure S2.2 (Supporting Information). The losses were 
attributed to the formation of calcium/ magnesium-bridging complexes 
between alkyl sulfates and the glass wall. The compounds also sorbed to the 
vial cap (lined with polyethylene) in the presence of divalent cations. The 
sorbed amount to the vial cap increased with increasing chain length of the 
alkyl sulfates (ranging from 2 to 6%). From these results, it was decided that 
the medium composition for subsequent experiments should only contain 
monovalent cations to prevent losses of alkyl sulfates to vial surfaces (i.e., 5 
mM of sodium phosphate buffered at pH 7).

Finally, the organic solvent used to desorb alkyl sulfates (C15 to C18SO4) from 
35 mm polyacrylate fibers was evaluated. Extraction of fibers with 90/10 
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methanol/water without ammonium acetate resulted in slow desorption of the 
test analytes, see Figure S2.3 (Supporting Information). However, extraction 
of the fiber in methanol containing 10 mM ammonium acetate resulted in 
instantaneous desorption of the analytes. This suggests that ammonium 
acetate functions as an ion-pairing reagent in the extraction of alkyl sulfates 
from the fiber.22 Ammonium acetate was therefore used in all experiments to 
ensure complete desorption of anionic surfactants from fibers. 

Fiber-water equilibration of neutral and anionic surfactants 

Equilibrium profiles of partitioning/ distribution of alcohol ethoxylates, alkyl 
carboxylates, alkyl sulfates, and alkyl sulfonates between 35 mm polyacrylate 
fibers and water were determined, see Figure S2.4 to S2.6 (Supporting 
Information). Representative equilibrium profiles of C11CO2, C18SO4 and C12EO7 
are shown in Figure 2.1. Fiber-water partition or distribution coefficients (Kfiber 
or Dfiber = k1/k2) were calculated from the ratio of uptake (k1) and elimination 
(k2) rate coefficients obtained by fitting a one-compartment model to the 
data assuming first-order kinetics, see eq 1 and Table S2.2 (Supporting 
Information). The aqueous phase was depleted by more than 5% for the 
following compounds, i.e., C12EO4 (6%), C13EO4 (16%), C16EO8 (25%), C13CO2 
(14%), and C14CO2 (40%). For these compounds, the kinetic model was adjusted 
to take depletion of the aqueous phase into account, see eq 2. Recoveries 
were close to 100%, except for C12EO4 and C12EO5 (66 and 74%) which may 
be caused by sorption of these compounds to the glass wall of the vials. Note 
that fiber-water partitioning of alcohol ethoxylates decreases with increasing 
ethoxylation (see below).

Compounds with increasing carbon chain length showed increasing log 
k1 and constant log k2 values indicating that the diffusive resistance in the 
polyacrylate polymer is the rate-limiting step in the partition process23,24 see 
Figure S2.7 (Supporting Information). The rate-limiting step changed from 
diffusion into the polymer to diffusion across an unstirred boundary layer 
(surrounding the fiber) at a log Kfiber or log Dfiber value of 3.5.24 Below this value, 
equilibration of compounds between fiber and water only depended on 
diffusion of test analytes into the fiber coating resulting in similar equilibration 
times (~2 days). Above a log Kfiber or log Dfiber value of 3.5, equilibration times 
for more hydrophobic compounds increased to 3-4 days, see the time to reach 
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95% of equilibrium (t95%) for C14EO4, C16EO8 and C14CO2 in Table S2.2 (Supporting 
Information). This breaking point at log Kfiber of around 3.5 corresponds very 
well with earlier data for neutral organics with the same fiber coating.23,24 The 
t95% values ranged from 23 to 101 hours for alcohol ethoxylates and from 11 to 
57 hours for alkyl carboxylates. 

Fiber-water distribution of anionic surfactants

The effect of pH on the fiber-water distribution of C11CO2 was tested with 
35 mm polyacrylate fibers, see Figure 2.2. The concentrations in the fiber 
increased with decreasing pH of the medium. A constant partition coefficient 
was obtained when the neutral fraction approached 1 at pH values lower 
than 2 log units below the pKa value. A log Kfiber value of 4.73±0.04 for the 
neutral form of C11CO2 was calculated with eq 3. After normalization of the 
separate log Dfiber values with the neutral fraction of the compound (Kfiber = 
Dfiber/ fneutral), a constant log Kfiber value of 4.70±0.02 was calculated, see Figure 
2.2 (open symbols). In addition, a pKa value of 4.82 was calculated with eq 3. 

Figure 2.1: Concentrations of dodecyl carboxylic acid (C11CO2
-), octadecyl sulfate 

(C18SO4
-), and dodecyl heptaethylene glycol (C12EO7) in 35 mm polyacrylate fibers versus 

time. The data were fitted with a one-compartment model assuming first-order kinetics. 

Depletion of the water phase was taken into account. A replicates test showed a poor 

fit for the C18SO4
- (indicated with the dashed line). The medium was buffered with 5 mM 

sodium mphosphate at pH 7 and contained 1 mM sodium azide.
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After correction for ionic strength, the pKa value decreased to 4.78.25 This value 
is close to an average pKa value of 4.86±0.02 (N=8) calculated for a series of 
alkyl carboxylic acids, i.e., from propanoic to nonanoic acid in dilute aqueous 
solutions.26 These data provide evidence that only the neutral fraction of 
C11CO2 partitions to the fiber (fneutral = 0.007 at pH 7). Because sorption of C11CO2 
is dominated by the neutral fraction, linear distribution was observed for this 
compound (unpublished results). Similar pH-dependent polyacrylate fiber-
water distribution coefficients have also been observed for small organic acids 
like chlorophenols,27 estradiol, and triclosan.13

Equilibration times for alkyl sulfates and alkyl sulfonates were much longer 
compared to those for alcohol ethoxylates and alkyl carboxylates, see Figure 
S2.6 (Supporting Information). The equilibration time for 35 mm polyacrylate 
fiber-water distribution of alkyl sulfates and alkyl sulfonates was nearly 3 weeks 
(concentrations in the fiber did not increase further with longer equilibration 
times). This may be an indication for another sorption mechanism to the fiber 
(see below) compared to alcohol ethoxylates and alkyl carboxylates. A one-
compartment model was fitted to these data, but a replicates test showed a 
poor fit for C15SO3 and all tested alkyl sulfates. 

Figure 2.2. Logarithmic 35 mm polyacrylate fiber-water partition (Kfiver) and distribution 

(Dfiber) coefficients of dodecyl carboxylic acid (C11CO2
-) versus pH of the medium. The 

medium was buffered with 5 mM sodium acetate (pH 3/4/5) or 5 mM sodium phosphate 

(pH 6/7/8) and contained 1 mM sodium azide.
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The effect of pH on the fiber-water distribution of C12SO4 (35 mm polyacrylate 
fibers) is shown in Figure S2.8 and Table S2.3 (Supporting Information). Initially, 
it was hypothesized that sorption of C12SO4 to the fiber would become linear 
near the pKa value of the compound (pKa = 1.9),28 similar to the pH dependence 
of C11CO2. However, the non-linearity of the fiber-water sorption isotherms of 
C12SO4 increased with decreasing pH (N decreased from 0.38 to 0.09 from pH 
~7 to ~4, see eq 4). Increasing sorption of C12SO4 to the fiber was observed 
with decreasing pH, analogous to the effect of pH on sorption of C11CO2 to the 
fiber. Sorption affinity or Freundlich coefficients (log KF) of C12SO4 increased 
with a factor of 6× at pH ~6, 40× at pH ~5, and 63× at pH ~4 compared to the 
sorption affinity of C12SO4 at pH ~7. Note that the surface charge on the fiber 
also decreases with decreasing pH, see below.

Addition of 469 mM sodium ions (equal to levels in seawater) to the medium 
at pH ~7 increased the linearity of the sorption process to the fiber (N = 0.51) 
compared to the treatment containing only 5 mM sodium phosphate buffer (N 
= 0.38), see Figure S2.8 and Table S2.3 (Supporting Information). The recovery 
of the treatments containing high sodium concentrations decreased to ~80%, 
probably because of sorption of C12SO4 to the test vial. Fiber-water sorption 
isotherms of alkyl sulfates and alkyl sulfonates with longer chain lengths than 
C12SO4 (C13SO4, C15SO4, C16SO4, C17SO4, C14SO3, C15SO3, and C16SO3) showed an 
increased affinity for the fiber with increasing chain length and non-linear 
sorption isotherms (0.29 < N < 0.65), see Figure S2.9 and Table S2.4 (Supporting 
Information). 

Possible sorption mechanism of anionic surfactants

Previously, linear partitioning of alkyl benzene sulfonates to 7 mm polyacrylate 
fibers was observed in seawater medium by Rico-Rico et al.16 In this study, non-
conditioned fibers showed non-linear distribution of alkyl benzene sulfonates 
whereas temperature-conditioned fibers (at 120°C for 16 h under a helium 
stream) resulted in linear ‘partitioning’ of alkyl benzene sulfonates to 7 mm 
polyacrylate fibers. It was concluded that the polyacrylate polymer underwent 
a change in sorption properties because the glass transition temperature was 
exceeded during the temperature-conditioning treatment (going from a 
glassy to a rubbery state).16 Earlier results from Rico-Rico et al.16 were repeated 
in seawater medium to check for possible inconsistencies in the currently 
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adopted method. Sorption of increasing concentrations of an alkyl benzene 
sulfonate (C12-2-BzSO3

-) was measured to 7 mm polyacrylate fibers that were 
originally used in that study (purchased in May 2001). This resulted in nearly 
linear fiber-water sorption isotherms (N = 0.83; data not shown) and an average 
log Dfiber value of 3.40 which is a factor two higher than the reported log Kfiber 
value of 3.1.16 This suggests that high concentrations of sodium and calcium 
ions along with the specific sorption properties of this polymer contributed 
to the linearity of the sorption process of anionic surfactants with a low pKa 
value (pKa = 2.55 for dodecyl benzenesulfonic acid).29 Previously, the observed 
linearity of sorption isotherms for alkyl benzene sulfonates was also suggested 
to be caused by the presence of calcium ions in seawater medium.30 

The 7 mm polyacrylate fiber originally used by Rico-Rico et al. and the more 
recently purchased 7 and 35 mm polyacrylate fibers (in January 2012) were 
used to measure sorption isotherms of C12SO4 in 10 mM calcium chloride (at 
pH 8.1). Addition of 10 mM calcium chloride increased the linearity of the 35 
mm fiber-water distribution of C12SO4 at pH ~8 (N = 0.49 vs N = 0.38 at pH ~7 in 
5 mM sodium phosphate buffer), see Figure S2.10 and Table S2.3 (Supporting 
Information). The 7 mm fiber used by Rico-Rico et al. showed more linear 
distribution (N = 0.87) compared to the recently purchased 7 mm fiber (N = 
0.48). Interestingly, both 7 mm fibers showed a higher response compared to 
35 mm fibers. Normalization of the concentration of C12SO4 in the fiber to the 
fiber surface area resulted in similar sorption isotherms for both 7 and 35 mm 
fibers (only for new batch of fibers), see Figure S2.11 (Supporting Information). 
This suggests that sorption of C12SO4 in a medium containing calcium chloride 
is probably determined by surface adsorption. However, sorption isotherms 
in a medium containing 5 mM sodium phosphate did not show overlapping 
sorption isotherms for 7 and 35 mm fibers, see Figure S2.12 (Supporting 
Information). No plausible explanation could be found for the different 
response of both fibers in a medium containing sodium phosphate. Sorption 
of calcium-bridging complexes of C12SO4 to the fiber or reduction of the fiber 
surface charge (i.e., less electrostatic repulsion) may occur in the treatment 
containing calcium.31 Calcium bridging complexes with anionic surfactants 
may involve charged carboxylic acid groups which are believed to occur on 
the fiber surface of the polyacrylate polymer.17,18 In previous experiments, 
two permanently charged cationic surfactants showed a maximum sorption 
level on 7 mm polyacrylate fibers that corresponded to the cation exchange 
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capacity experimentally determined for this fiber.17 In addition, the basic 
pharmaceutical chlorpromazine (fneutral = 0.005; pKa = 9.3) showed a dual-mode 
uptake to 35 mm polyacrylate fibers with non-linear adsorption of the cationic 
species to the cation exchange sites on the fiber and linear absorption of the 
neutral species to the fiber.13 

The reason for the non-linearity of the sorption of alkyl sulfates to polyacrylate 
fibers is not completely clear. The longer observed equilibration time for alkyl 
sulfates points to a rate-limiting sorption process to the fiber. An increase 
in the sorption affinity with decreasing pH may be related to an increase in 
the neutral fraction of C12SO4. However, the non-linearity of the distribution 
process cannot be explained by mere sorption of the neutral fraction which 
is negligibly low for alkyl sulfates at pH 7. Another sorption mechanism may 
therefore contribute to the sorption of anionic surfactants with a low pKa 
value. At high sodium ion concentrations, the sorption affinity for the fiber is 
probably increased due to higher sorption of ion-pairs of C12SO4 and sodium 
ions. The long equilibration time may also suggest slow sorption of ion-pairs. 
Partitioning of ion-pairs of organic anions and inorganic cations also occur in 
octanol-water systems,32,33 whereas ion-pairs are assumed to contribute less in 
partitioning of organic anions to phospholipid membranes.34,35 The sorption 
affinity of C12SO4 to the fiber may also be increased by salting-out of C12SO4. 
However, salting-out effects in ionic strength equal to seawater are less than a 
factor 2 for long-chained neutral compounds like dialkyl phthalates,36 whereas 
the sorption affinity of C12SO4 to the fiber increased with a factor of 10. A 
salting-out effect is, therefore, unlikely in our experiments.

In addition to the abovementioned sorption mechanisms, alkyl sulfates may 
adsorb on the surface of the fiber (as anion or ion-pair). Assuming that alkyl 
sulfates have a surface area per molecule of 0.4 to 0.7 nm2,37 a total number 
of molecules on the fiber surface (22.18 mm2 for 4 cm fiber) can be calculated, 
i.e., 3.2 to 5.5×1013 surfactant molecules. The highest concentration of alkyl 
sulfates measured in the fiber at pH 7 is only about 5 to 20 times higher than 
the calculated amount based on (monolayer) surface coverage. However, an 
adsorption mechanism does not fully explain the increased affinity of C12SO4 
for the fiber with decreasing pH (in case only monolayers of surfactants are 
formed). In addition, C12SO4 shows different affinities for 7 and 35 mm fibers 
when concentrations in the fiber are normalized for fiber surface area, see 
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Figure S2.12 (Supporting Information). None of the described sorption 
mechanisms – absorption of neutral fraction, absorption of ion-pairs or 
adsorption of ion-pairs or anions – can therefore be mutually excluded based 
on these results.

Effects of structure on fiber-water partitioning/ distribution

The measured log Dfiber values for alkyl carboxylates and log Kfiber values for 
alcohol ethoxylates with constant ethoxylate unit length correlate well with 
the number of aliphatic carbon atoms, see Figure 2.3. The log Dfiber or log 
Kfiber values at pH 7 increased by about 0.5 log units with every increase in 
carbon atoms (pooled slope for alkyl carboxylates and alcohol ethoxylates). A 
regression with the number of carbon atoms and ethoxylate units showed that 
log Kfiber or log Dfiber values at pH 7 of alcohol ethoxylates and alkyl carboxylates 
increase with 0.47 to 0.54 log units per carbon atom and decrease with 0.27 
log units per ethoxylate unit, see eqs 5 and 6 (see also Figure S2.13, Supporting 
Information). Note that the increment per carbon atom or decrement per 
ethoxylate unit can have different values for other hydrophobic phases. For 
example, a C18 HPLC stationary phase does not distinguish between different 
ethoxymers using a mobile phase composition of methanol and water.8 The 
increment per carbon atom is in line with earlier publications for fiber-water 
partitioning of alcohol ethoxylates and alkyl benzene sulfonates performed 
in seawater with 0.47-0.51 log units15,16 and sediment-water partitioning of 
alkyl benzene sulfonates with ~0.4-0.44 log units.31,38 The increment is also 
comparable to the fragment used in calculating log KOW values with KowWin 
(v. 1.68): 0.49 log units39 and to the increase in log KOW or log Kfiber (polyacrylate) 
values calculated for a series of alkanes (C5 to C18) with a polyparameter linear 
free energy relationship (pp-LFER): 0.54 or 0.46 log units, respectively.40,41 This 
shows that partitioning per CH2 group to different phases is mainly related to 
the energy required to create a cavity in water (i.e., hydrophobic effect).

Alcohol ethoxylates:
log Kfiber = (0.47±0.01) × #C – (0.27±0.01) × #EO – 1.326±0.15 (5)
R2 = 0.996; SER = 0.056; N = 10

Alkyl carboxylates:
log Dfiber = (0.54±0.00) × #C –3.52±0.01   (6)
R2 = 1.000; SER = 0.001; N = 3
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Alkyl sulfonates (cfiber = 0.5 mM):
log Dfiber = (0.61±0.00) × #C – 7.40±0.02   (7)
R2 = 1.000; SER = 0.002; N = 3
 
Alkyl sulfates (cfiber = 0.5 mM):
log Dfiber = (0.57±0.06) × #C – 5.87±0.89   (8)
R2 = 0.967; SER = 0.251; N = 5

For anionic surfactants with a pKa value ´ 2 such as alkyl sulfates and alkyl 
sulfonates, no constant Dfiber was determined because of non-linear sorption 
to the fiber. Another method to determine Dfiber for non-linear sorption 
isotherms is to calculate Dfiber at a constant fiber loading. This approach seems 
more reasonable considering that sorption properties of the fiber are only 
dependent on the solute loading of the fiber and are not directly related to the 
concentration in water.42 The sorption coefficients of alkyl sulfates and alkyl 
sulfonates were therefore compared at the same solute loading on the fiber. 
Concentrations in water were calculated with a Freundlich sorption isotherm 
at a constant fiber loading of 0.5 mM. This is an average concentration in 
the fiber where all fiber-water sorption isotherms overlapped, except for 
C14SO3 and C15SO3. The Freundlich models of the two latter compounds were 
therefore extrapolated. Fiber-water distribution coefficients (Dfiber = cfiber/
cwater) were subsequently calculated at the constant fiber loading of 0.5 mM 
and the calculated concentration in water. The calculated increment in log 
Dfiber per carbon atom is 0.57 and 0.61 log units for alkyl sulfates and alkyl 
sulfonates, respectively, see eqs 7 and 8 and Figure 2.3. The calculated fiber-
water distribution coefficients for all tested anionic surfactants now increase 
with increasing neutral fraction of the surfactants, i.e., alkyl carboxylates (pKa 
= 4.86) > alkyl sulfates (pKa = 1.9)28 > alkyl sulfonates (pKa = -1.9),43 although 
no linear trend of the log Dfiber values with neutral fraction was observed (data 
not shown). 

Fiber-water sorption as a hydrophobicity parameter

Sorption coefficients of neutral and anionic surfactants for polyacrylate 
fibers could be useful as an empirical parameter that reflects differences 
in hydrophobicity and that could be applied for example as a descriptor in 
correlations with sorption, toxicity, or bioaccumulation of surfactants. Only a 
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few literature references are available about bioconcentration of surfactants. 
These literature data were compared to measured or estimated fiber-water 
sorption coefficients. Bioconcentration factors (BCF) of surfactants were found 
in literature for 7 alcohol ethoxylates44 and 3 alkyl sulfates for common carp 
(Cyprinus carpio).45 The logarithmic BCF values were subsequently correlated 
with the measured fiber-water sorption coefficients, see Figure 2.4. For one 
alcohol ethoxylate (C14EO11) and one alkyl sulfate (C14SO4), fiber-water sorption 
coefficients were predicted with eqs 5 and 7, while for the other compounds 
experimental data from this study were used. For alcohol ethoxylates, the 
linear trend of BCF versus fiber-water partition coefficients is evident, see 
Figure 2.4A. Both parameters increase with the number of carbon atoms and 
decrease with the number of ethoxylate units. Alkyl sulfates follow a similar 
trend as the alcohol ethoxylates (see Figure 2.4B). Fiber-water distribution 
coefficients of alkyl sulfates depend on the (selected) constant fiber loading 
as well as on the pH and ionic strength of the exposure medium and these 
correlations between log BCF and log Dfiber will be different under other 
circumstances. However, on a relative scale, such correlations can be useful 
for predicting BCF of related compounds. It is expected that bioconcentration 

Figure 2.3. Logarithmic 35 mm polyacrylate fiber-water partition (log Kfiber) or 

distribution coefficients (log Dfiber) versus amount of carbon atoms (#C atoms) for alcohol 

ethoxylates (with 4 and 8 ethoxylate units; CxEO4 and CxEO8), alkyl carboxylates (CxCO2
-), 

alkyl sulfonates (CxSO3
-), and alkyl sulfates (CxSO4

-). The medium was buffered with 5 mM 

sodium phosphate at pH 7 and contained 1 mM sodium azide.
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of neutral and anionic surfactant classes will have completely different 
mechanisms depending on the type of head group, charge, and substitution 
of the carbon chain (e.g., perfluorinated compounds). For example, organic 
anions partition less to biological membranes than the neutral forms but they 
retain a relatively strong membrane affinity compared to either octanol-water 
or fiber-water distribution of organic anions.27,46 

Figure 2.4. Logarithmic bioconcentration factors (BCF) from literature44,45 versus 

logarithmic 35 mm polyacrylate fiber-water partition/distribution coefficients at pH 7 of 

(A) alcohol ethoxylates (CxEOy) and (B) alkyl sulfates (CxSO4
-).
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In summary, the polyacrylate fiber shows linear partition/ distribution 
properties for alcohol ethoxylates and alkyl carboxylates (with pKa ~ 5). For 
alkyl carboxylates, fiber-water distribution at pH 7 is dominated by the low 
neutral fraction of these compounds and sorption of anionic species is 
probably negligible compared with the total sorption observed. However, 
non-linear distribution to the fiber occurs for alkyl sulfates and alkyl sulfonates 
with pKa values much lower than 5. For these anionic surfactants, the linearity 
of the sorption process is dependent on the pH of the medium, the solution 
chemistry of the medium providing ion-pairs with sodium ions or bridging 
complexes with calcium ions, and the sorption properties of the polymer.

As mentioned in the previous paragraph, sorption coefficients of surfactants 
to polyacrylate fibers could be useful as a parameter that reflects differences 
in hydrophobicity and as a parameter to predict sorption to other phases. 
Sorption to polyacrylate and sorption to organic matter, whole sediment 
particles and lipids will not be governed by exactly the same sorption 
mechanism and types of interaction. Therefore, a single parameter or a single 
polymer or hydrophobic phase will not be sufficient in predictive modelling of 
sorption phenomena of surfactants to environmental phases. Likely, we would 
need a series of phases that correspond with specific types of interaction. Our 
future research will focus on a systematic study of different interaction types 
of surfactant classes with “model phases”. 
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SUPPORTING INFORMATION

Figure S2.1: Percentage of alkyl sulfate concentrations in water versus estimated area 

of unexposed glass surface in 20-mL glass vials (total volume ranged from 20 to 24.5 

mL). Closed symbols are from direct sampling of the water phase (V=0.5 ml) and open 

symbols are from liquid-liquid extraction with 50/50 methanol/water of vials (including 

glass, vial cap, and water). No salts were added to the water phase. 
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Figure S2.2: Recoveries of alkyl sulfates extracted by liquid-liquid extraction from 

ultrapure water (with 0.77 mM NaN3), phosphate buffered medium (with 5 mM 

NaH2PO4/ Na2HPO4 and 0.77 mM NaN3 at pH 7), and Dutch Standard Water (with 1.36 

mM CaCl2.2H2O, 0.73 mM MgSO4.7H2O, 1.19 mM NaHCO3, 0.20 mM KHCO3, and 0.77 mM 

NaN3). Standard errors of triplicate measurements are shown.

Pure
 w

ate
r

pH
 7 

bu
ffe

r

Dutc
h S

tan
da

rd 
Wate

r
0

25

50

75

100

125
C15 sulfate

C16 sulfate

C17 sulfate

C18 sulfate
R

ec
ov

er
y 

(%
)



73

Chapter 2

Figure S2.3. Sequential desorption of alkyl sulfates from 35 mm polyacrylate SPME fibers 

(length 4 cm) with 90/10 methanol/water without and with 5mM of ammoniumacetate 

(NH4Ac). Prior to desorption, fibers were equilibrated with water containing 1 mM 

sodium azide for 7 days. The total concentration in the fiber is the sum of amounts from 

individual fibers extracted twice for 20 minutes and the amount extracted overnight 

with methanol/water. Standard errors of triplicate measurements are shown. 
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Figure S2.4: Concentrations of alcohol ethoxylates (CxEOy) in the fiber versus time. 

Curves were fitted with a one-compartment model assuming first-order kinetics. 

Depletion of the water phase was taken into account. The medium was buffered with 

sodium phosphate at pH 7. Aqueous concentrations ranged from 130 to 670 µg/L.
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Figure S2.5: Concentrations of alkyl carboxylates (CxCO2) in the fiber versus time. The 

curves were fitted with a one-compartment model assuming first-order kinetics and 

taking depletion of the water phase into account. The medium was buffered with 

sodium phosphate at pH 7. Aqueous concentrations ranged from 80 (C14CO2) to 1700 

(C11CO2) µg/L.
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Figure S2.6: Concentrations of alkyl sulfates (CxSO4) and alkyl sulfonates (CxSO3) in the 

fiber versus time. The curves were fitted with a one-compartment model assuming 

first-order kinetics. A replicates test showed a poor fit for C15SO3 and all alkyl sulfates 

(indicated by dashed lines). The medium was buffered with sodium phosphate at pH 7. 

Aqueous concentrations ranged from 80 to 160 µg/L.
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Figure S2.7: Logarithmic absorption (k1±SE) and desorption (k2±SE) rate coefficients 

versus logarithmic fiber-water partition (Kfiber±SE) or distribution (Dfiber±SE) coefficients 

for alcohol ethoxylates (CxEOy) and alkyl carboxylates (CxCO2). 
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Table S2.1: Mass spectrometer setting for all analyzed surfactants.a

Figure S2.8: Fiber-water sorption isotherms of dodecylsulfate (C12SO4) measured with 

35 mm polyacrylate fibers at different pH values and different ionic strengths. The 

medium was buffered with sodium phosphate at pH 7 and contained 1 mM sodium 

azide. Additional sodium chloride was added to increase ionic strength.
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Figure S2.9: Fiber-water sorption isotherms of alkyl sulfates (C13SO4, C15SO4, C16SO4, and 

C17SO4; Figure A) and alkyl sulfonates (C14SO3, C15SO3, C16SO3; Figure B) measured with 35 

mm polyacrylate fibers at pH 6.9. The medium was buffered with sodium phosphate at 

pH 7 and contained 1 mM sodium azide.
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Figure S2.10: Fiber-water sorption isotherms of dodecyl sulfate (C12SO4) measured with 

two types of 7 mm polyacrylate fibers – purchased in May 2001 (old) and January 2012 

(new) – and 35 mm polyacrylate fibers (new; purchased January 2012) at pH 8.1. The 

medium contained 10 mM calcium chloride and 1 mM sodium azide. 
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Figure S2.11: Predicted versus experimental fiber-water partition/ distribution 

coefficients for alcohol ethoxylates (CxEOy) and alkyl carboxylates (CxCO2).

1 2 3 4 5
1

2

3

4

5

CxEOy
CxCO2

1:1 line

log Kfiber or log Dfiber (exp.)

lo
g 
K

fib
er

 o
r l

og
 D

fib
er

 (p
re

d.
)



78

Compound Q1 mass Q3 mass DP (V) FP (V) CE (V) IS (V) TEM (°C)
Alcohol  ethoxylates

C10EO4 352.5 89.0 35 240 31 1500 250

C12EO4 380.5 89.0 30 240 30 1500 250

C12EO5 424.4 89.0 45 240 22 1500 250

C12EO6 468.6 89.0 40 240 35 1500 250

C12EO7 512.7 89.0 50 240 45 1500 250

C12EO8 556.5 89.0 55 240 43 1500 250

C13EO4 394.5 89.0 45 240 33 1500 250

C13EO8 570.7 89.0 40 240 48 1500 250

C14EO4 408.7 89.0 38 240 33 1500 250

C14EO8 584.5 89.0 55 240 30 1500 250

C16EO8 612.5 89.0 49 240 50 1500 250

Alkyl carboxylates

C11CO2 199.2 199.2 -55 -350 -11 -4500 400

C13CO2 227.3 227.3 -55 -350 -12 -4500 400

C14CO2 241.3 241.3 -55 -350 -13 -4500 400

Alkyl sulfonates

C11SO3 235.3 80.1 -65 -350 -43 -4500 400

C13SO3 263.4 80.1 -65 -350 -47 -4500 400

C14SO3 277.5 80.1 -70 -350 -55 -4500 400

C15SO3 291.5 80.1 -70 -350 -55 -4500 400

C16SO3 305.8 80.1 -70 -350 -60 -4500 400

C18SO3 333.9 80.1 -75 -350 -65 -4500 400

Alkyl sulfates

C11SO4 251.2 97.0 -57 -400 -35 -4500 400

C12SO4 265.2 97.0 -60 -400 -37 -4500 400

C13SO4 279.2 97.0 -55 -400 -40 -4500 400

C15SO4 307.2 97.0 -65 -400 -40 -4500 400

C16SO4 321.2 97.0 -65 -400 -45 -4500 400

C17SO4 335.9 97.0 -70 -400 -50 -4500 400

C18SO4 349.8 97.0 -70 -400 -50 -4500 400
a DP = declustering potential; FP = focusing potential; CE = collision energy; IS = ion 

source voltage; TEM = temperature of ion source
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Table S2.2: Logarithmic values of fiber-water partition coefficients (log Kfiber), absorption 

(log k1) and desorption (log k2) rate coefficients, 95% equilibration times (t95% = 

ln(0.05)/-k2), depletion by the fiber, and recoveries for alcohol ethoxylates (CxEOy) and 

alkyl carboxylates (CxCO2).

Compound log Kfiber±SE log k1±SE log k2±SE t95% (h) Fiber (%)
Recovery 
(%)

Alcohol ethoxylates

C10EO4 2.36±0.03 1.48±0.02 -0.88±0.02 23 0.57±0.01 107±3

C12EO4 3.39±0.03 2.49±0.02 -0.91±0.02 24 6.28±0.23 66±3

C12EO5 3.09±0.02 2.08±0.02 -1.01±0.02 30 2.84±0.09 74±5

C12EO6 2.81±0.03 1.75±0.02 -1.06±0.02 34 1.53±0.02 98±3

C12EO7 2.57±0.03 1.45±0.02 -1.12±0.02 39 0.86±0.02 84±2

C12EO8 2.22±0.05 1.16±0.03 -1.05±0.04 34 0.40±0.01 98±3

C13EO4 3.78±0.03 2.62±0.02 -1.16±0.02 43 16.23±0.53 100±3

C13EO8 2.76±0.03 1.55±0.02 -1.20±0.02 48 1.49±0.05 102±3

C14EO8 3.33±0.03 2.18±0.02 -1.16±0.03 43 4.69±0.31 98±3

C16EO8 4.14±0.04 2.61±0.03 -1.53±0.03 101 24.84±1.18 89±9

Alkyl carboxylates

C11CO2 2.40±0.03 1.85±0.04 -0.55±0.04 11 1.24±0.04 102±6

C13CO2 3.48±0.04 2.54±0.04 -0.95±0.04 26 13.71±0.78 105±4

C14CO2 4.02±0.06 2.76±0.04 -1.28±0.05 57 40.36±2.03 103±6
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Table S2.3: Effect of pH and medium composition on sorption isotherm parameters for 

35 mm polyacrylate-coated fibers and dodecyl sulfate (C12SO4).a 

pH Medium log KF±SE N±SE R2 Recovery±SD

8.10 10 mM Ca2+ -1.30±0.03 0.48±0.01 0.9935 92±6

6.88 8 mM Na+ -1.76±0.13 0.38±0.03 0.9536 112±10

6.84 469 mM Na+ -0.67±0.07 0.51±0.02 0.9841 80±7

6.08 8 mM Na+ -2.13±0.07 0.25±0.02 0.9419 95±12

5.09 8 mM Na+ -2.52±0.04 0.11±0.01 0.9106 94±11

4.34 8 mM Na+ -2.48±0.01 0.09±0.00 0.9827 92±12

4.06 469 mM Na+ -1.56±0.05 0.25±0.01 0.9682 78±11

3.19 8 mM Na+ -1.73±0.05 0.20±0.01 0.9522 96±9
a log KF is the Freundlich sorption coefficient in (mol/Lpolyacrylate)/(mol/L)N, N is the non-

linearity exponent, and R2 is the correlation coefficient. All treatments contained 1 mM 

sodium azide. With the exception of the calcium chloride treatment (10 mM Ca2+), all 

treatments were buffered to the desired pH with a phosphate or acetate buffer. Higher 

concentrations of sodium were obtained by addition of sodium chloride to the medium.
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Table S2.4: Effect of different chain lengths on sorption isotherm parameters for alkyl 

sulfates (CxSO4)/ alkyl sulfonates (CxSO3) and 35 mm polyacrylate-coated fibers.a 

Compound pH log KF±SE N±SE R2 Recovery±SD

C13SO4 6.93 -0.98±0.10 0.46±0.02 0.9748 100±4

C15SO4 6.93 -1.28±0.09 0.33±0.02 0.9622 106±4

C16SO4 6.93 -1.37±0.10 0.29±0.02 0.9468 105±4

C17SO4 6.93 -0.47±0.18 0.41±0.03 0.9253 114±20

C14SO3 6.96 -1.04±0.22 0.51±0.04 0.9075 100±3

C15SO3 6.96 -0.60±0.29 0.54±0.05 0.8750 101±8

C16SO3 6.96 0.36±0.27 0.65±0.04 0.9326 96±5
a log KF is the Freundlich sorption coefficient in (mol/Lpolyacrylate)/(mol/L)N, N is the non-

linearity exponent, and R2 is the correlation coefficient. All treatments contained 1 mM 

sodium azide. All treatments were buffered to the desired pH with a phosphate buffer.



82



83

Chapter 3

FRAGMENT-BASED APPROACH TO CALCULATE 
HYDROPHOBICITY OF ANIONIC AND 

NONIONIC SURFACTANTS DERIVED FROM 
CHROMATOGRAPHIC RETENTION ON A C18 

STATIONARY PHASE

Jort Hammerab, Joris J.-H. Haftkaa, Peter Scherpenissea, 
Joop L.M. Hermensa, and Pim de Voogtb

a Institute for Risk Assessment Sciences, Utrecht University
b Institute for Biodiversity and Ecosystems Dynamics, University of 

Amsterdam

Published in: 
Environmental Toxicology and Chemistry (2017) 

DOI: 10.1002/etc.3564



84

ABSTRACT 

To predict the fate and potential effects of organic contaminants, information 
about their hydrophobicity is required. However, common parameters to 
describe the hydrophobicity of organic compounds (e.g., octanol–water 
partition constant [KOW]) proved to be inadequate for ionic and nonionic 
surfactants because of their surface-active properties. As an alternative 
approach to determine their hydrophobicity, the aim of the present study 
was therefore to measure the retention of a wide range of surfactants on a 
C18 stationary phase. Retention factors in pure water (k’0) increased linearly 
with increasing number of carbon atoms in the surfactant structure. Fragment 
contribution values were determined for each structural unit with multilinear 
regression, and the results were consistent with the expected influence of 
these fragments on the hydrophobicity of surfactants. Retention factors of 
reference compounds and log KOW values from the literature were used to 
estimate log KOW values for surfactants (log K

O

H

W

PLC). These log K
O

H

W

PLC values were 
also compared to log KOW values calculated with 4 computational programs: 
KOWWIN, Marvin calculator, SPARC, and COSMOThermX. In conclusion, 
retention factors from a C18 stationary phase are found to better reflect 
hydrophobicity of surfactants than their KOW values. 
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INTRODUCTION

Surfactants are high-production volume chemicals with applications in 
industry and numerous consumer products. Prediction of the fate and 
potential effects of surfactants in the environment is needed for regulation 
(e.g., Registration, Evaluation, Authorization and Restriction of Chemicals 
[REACH] legislation) and requires information about the hydrophobicity 
of these chemicals. Hydrophobicity of organic compounds is often used 
in predictive models. The term “hydrophobicity” refers to the tendency of a 
compound to “escape” the aqueous phase and is illustrated by taking air-water 
partitioning as an example. In air-water partitioning, only the interactions in 
the water phase have to be considered, assuming air is regarded as an ideal gas 
phase without any interactions.1 Partitioning between water and other phases 
is then influenced by hydrophobicity plus specific interactions between the 
(hydrophobic) compound and this other phase (e.g., hydrogen bonding or 
electrostatic interactions). Hydrophobicity depends on the energy needed 
for cavity formation in the aqueous phase, electrostatic interactions, van der 
Waals interactions, and hydrogen bonding interactions.1 Cavity formation is 
defined by the energy required to form a cavity in the bulk water phase to 
accommodate the hydrophobic compound and is thereby dependent on the 
molecular size of the compound and the intermolecular forces between water-
water and/ or water-compound molecules.1 Electrostatic interactions occur 
when the organic compound and the aqueous phase both contain charged 
sites that can attract each other. Van der Waals interactions are interactions 
between any kind of molecules in the form of dispersive interactions (induced 
dipole – induced dipole), Debye interactions (dipole – induced dipole), and 
Keesom interactions (dipole – dipole). The polarity of water itself further 
allows for the formation of hydrogen bonds between specific hydrogen bond 
donor and acceptor sites of the hydrophobic compound (and between water 
molecules). Electrostatic interactions can also be responsible for specific 
sorption to other phases (i.e., calcium-bridging between anionic surfactants 
and negatively charged sorbents) and play an important role in the partition 
process of anionic surfactants. Note that sorption of ionized surfactants to 
(environmental) sorbent phases also depends on pH and ionic strength. 
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The n-octanol-water partition constant (KOW) is often used to describe the 
hydrophobicity of organic compounds and tends to be a good predictor of the 
sorption and fate of most neutral polar and nonpolar organic compounds.2 
The KOW value is usually determined using the slow-stirring (OECD Test No. 
123)3 or shake flask method (OECD Test No. 107).4 However, the determination 
of KOW values of (ionic) surfactants is technically very difficult because of their 
specific properties. The surface-active properties of surfactants will cause 
them to accumulate at the octanol-water interface and causes emulsification 
of both phases. The concentrations of surfactants in water and octanol 
measured in the slow-stirring or shake flask methods are therefore not 
considered representative of the actual distribution of surfactants in the 
octanol-water system. Hence, alternative parameters to obtain a measure of 
the hydrophobicity of (ionized) surfactants in water are urgently required. Yet, 
currently, there is no robust approach or tool that offers reliable results for 
the prediction of environmental fate and behavior of surfactants. In a previous 
study, we presented sorption mechanisms of nonionic and anionic surfactants 
to polyacrylate-coated solid-phase microextraction fibers.5 Alternatively, the 
present study aimed to measure a parameter that reflects the hydrophobicity 
of nonionic and anionic surfactants which can subsequently be applied to 
predict sorption, bioaccumulation, and toxicity of these compounds.

In OECD method no. 117, retention factors (k’) of analytes and reference 
compounds are measured with reversed-phase high-performance liquid 
chromatography (HPLC) using a C18 stationary phase and a mobile phase with 
a constant methanol-water composition (methanol fraction, ϕ = 0.9) to predict 
KOW values of “difficult” substances.6 However, determining KOW values with 
OECD method 117 is not suitable for surfactants because there are insufficient 
KOW values available for reference molecules (specifically for surfactants) to 
enable a valid calibration. Therefore, in the present study retention factors 
are used to directly represent a measure of the hydrophobicity of surfactants. 
A linear log k’ versus ϕ relationship is observed for many compounds when 
methanol is used as the organic modifier,7,8 even for surfactants,9 and allows 
for extrapolation of the retention factor to 0% organic modifier (pure water). 
Extrapolation to a mobile phase which only contains water minimizes the effect 
of organic solvent on the nature of the aqueous phase. This approach has also 
been used in previous studies.7–10 To study the influence of the hydrophobic 
carbon chain of surfactants, we determined the retention factor in pure water 
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for several groups of neutral and anionic surfactants with increasing carbon 
chain lengths. Until now, determining the relationship between log KOW and 
HPLC retention indices on a C18 column has only been performed for neutral 
nonpolar molecules.6,7,11–15

MATERIALS AND METHODS

Theory

A stationary phase composed of C18 chains is relatively inert and should not 
contain any specific sorption sites. This would mean that the stationary phase 
ideally contains no free silanol groups. The only direct attraction between 
the test compounds and the C18 phase occurs in the form of van der Waals 
interactions. For a given molecule, these interactions are of similar strength for 
both the mobile and the stationary phases and cannot be responsible for most 
of the retention on the C18 phase.1 Retention on a C18 phase in the presence of 
pure water as mobile phase relates to the interactions of the compound with 
water because of its hydrophobicity rather than specific interactions with the 
C18 phase. To measure the retention of test analytes on a C18 phase, logarithmic 
retention factors (log k’) were calculated from the retention time of the target 
compound (tr) and that of an unretained compound (t0): 

        (1)

Because the retention of a hydrophobic compound on a C18 phase in pure 
water as eluent can increase up to several hours, an organic modifier is added 
to the mobile phase to promote elution of the compounds. When methanol is 
used as organic modifier, the relationship between the logarithmic retention 
factor and the methanol fraction in the mobile phase is linear for most neutral 
solutes9,16,17 and can be expressed as:

       (2)

where the slope a represents the change in the logarithmic retention factor 
of the target compound as a function of the methanol fraction (ϕ) and the 
intercept (log k’0) represents the logarithmic retention factor at ϕ0 (i.e., in pure 
water). A sufficient number of measurements have to be made at different 
modifier strengths before extrapolation to pure water can be applied. 
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Differences in calculated log k’0 values of the test compounds can be the result 
of either different alkyl chain lengths or changes in the type of head group. 
A multilinear regression analysis was subsequently applied to calculate the 
fragmental contribution of each structural unit to the total log k’0 value of 
respective compounds within a class of surfactants: 

       (3)

where ∑(fn) is the summation of the contribution of each fragment (f) 
multiplied by the number of fragments occurring in the molecular structure 
(n), and b is the intercept. Fragments in the present study consisted of the 
following structural units: hydrocarbon (CH2), aromatic hydrocarbon (aromatic 
CH), fluorocarbon (CF2), aromatic hydroxyl (aromatic OH), aliphatic hydroxyl 
(aliphatic OH), methyl ester (COOC), sulfonate (SO3

-), sulfate (SO4
-), and 

carboxylate in hydrocarbon (CO2
-
H) or perfluorinated carbon structures (CO2

-
F). 

For alcohol ethoxylates, n refers to the number of ethoxylate units, (OCC)n. 

Chemicals

Linear alkyl benzenes (with alkyl chain lengths C2, C6 and C12), linear alkyl 
phenols (C5, C8 and C9), sodium salts of linear alkyl carboxylates (C11, C13, 
C14, C15, C17 and C19; dissociation constant pKa ≈ 4.86),18 polycyclic aromatic 
hydrocarbons (PAHs), linear alkyl methyl esters (C9, C11 and C13), alcohol 
ethoxylates (C10, C12, C13, C14 and C16; with ethoxylate units ranging between 
4 and 8 units), linear perfluoroalkyl carboxylic acids (C4 to C13 and C15; pKa ≈ 
-0.5),19 and uracil were obtained from Sigma-Aldrich. The compound C13-
octaethylene glycol was synthesized by Roy Sheppard (Unilever, Port Sunlight 
Research Laboratory, UK).20 The compound C5-phenol was obtained from 
Fisher Scientific. Sodium salts of linear alkyl sulfonates (C11, C13 to C16 and 
C18; pKa ≈ -1.9)21 and linear alkyl sulfates (C11, C13, C15 to C18; pKa ≈ 1.9)22 were 
obtained from Research Plus. Sodium salts of p-alkyl benzene sulfonates (Cx-y-
benzene sulfonates with C8, C10, C12, C13 and y = 1, 2 or 5; where y indicates the 
position of the benzene sulfonate group on the alkyl chain; pKa ≈ 2.5)23 were 
synthesized by Johannes Tolls.24 All organic compounds had purities higher 
than 98%, except for C10-tetraethylene glycol and C12-2-benzene sulfonate 
(both ≥97%). Each compound group consisted of 3 to 8 substances varying 
in carbon chain length. The chain lengths and number/ positions of specific 
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functional groups of individual compounds and their Chemical Abstract 
Service numbers are given in Table S3.1 in the Supporting Information. 
Ammonium acetate and sodium acetate were purchased from Sigma-Aldrich. 
Methanol was obtained from Biosolve. Ultrapure water was obtained from a 
Millipore water purification system (resistivity >18 MΩ/cm, Merck Chemicals). 

HPLC method

Retention times of the analytes were measured at methanol-water 
compositions ranging from 40:60 to 90:10 (v:v) with a Shimadzu Prominence 
HPLC system, consisting of 2 LC-20AD pumps, an SIL-20A autosampler, a CTO-
20A oven, and a CBM-20A controller. A GraceSmart C18 column (150×2.1mm, 5 
µm particle size; Grace Discovery Sciences) was used at a temperature of 40 °C 
with a flow rate of 0.2 mL/min. Run times for HPLC varied between 5 min and 
90 min. Prior to each run, the column was equilibrated with the mobile phase 
for at least 8 min. Mixtures with a maximum of 6 surfactants with similar head 
groups but different carbon chain lengths were prepared in a solvent mixture 
equivalent to the mobile phase composition of the respective run. The mixtures 
were injected in volumes between 10 µL and 40 µL. Analyte concentrations 
ranged between 0.1 mg/L and 2 mg/L, depending on compound sensitivity of 
the detector. No precipitates were visually observed in the stock solutions and 
diluted samples. The mobile phase consisted of methanol and Milli-Q water, 
with both containing 5 mM ammonium acetate to promote peak shape for all 
anionic compounds. In addition, ammonium acetate enabled the formation of 
ammonium adducts for alcohol ethoxylates in the mass spectrometer. Uracil 
was used to determine the column dead time. 

The compound C12-5-benzene sulfonate was used as an internal standard 
to correct for variation in k’ as a result of small changes in chromatographic 
conditions, for example, by small changes in the methanol fraction caused by 
variability in the volume delivered by the HPLC pumps. The internal standard 
was added to all compound mixtures and analyzed in every HPLC run. 
Retention factors of C12-5-benzene sulfonate were separately determined at 
exact methanol fractions by carefully weighing methanol and water volumes. 
In this way, methanol fractions used during the analysis of the compound 
mixtures were corrected with a calibration curve of the measured retention 
factor of C12-5-benzene sulfonate in the same mixture.
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Detection

Alkyl phenols, PAHs, and nonionic and anionic surfactants were detected 
with a triple-quadrupole mass spectrometer (SCIEX 4000 QTRAP MS/MS 
system; Applied Biosystems) with a turbo ion spray source operated at 250 
°C to 500 °C. Alkyl benzenes and alkyl methyl esters were detected with 
fluorescence (Shimadzu, RF-20AXS) and ultraviolet (UV; Shimadzu; SPD-20AV) 
detectors, respectively. Mass spectrometer, fluorescence and UV detector 
settings of the analytes are shown in Table S3.1 in the Supporting Information. 
Chromatograms were integrated with Analyst 1.5.1 (Applied Biosystems) or LC 
solutions 1.25 (Shimadzu).

RESULTS AND DISCUSSION

Sorption mechanisms of anionic surfactants 

First, to gain a better understanding of the retention mechanisms of anionic 
surfactants on a C18 stationary phase, the effect of pH and ionic strength on 
the determined k’ values was investigated. Although a C18 stationary phase 
is relatively inert, several studies on a variety of C18 HPLC columns have 
indicated the presence of positively or negatively charged sites that can 
affect the retention of charged analytes.25–28 The effect of negatively charged 
sites on the stationary phase is eliminated by changing the pH of the mobile 
phase to below the pKa value of these sites.29 However, this also affects the 
degree of ionization of some of the anionic surfactants. Alkyl carboxylates 
have a relatively high pKa value (~4.86)18 compared with the other analytes. 
Consequently, log k’ values of C13-carboxylate reach a maximum at a pH value 
of approximately 4.2 and below (Figure 3.1A). The subsequent pKa value of C13-
carboxylate (pKa ≈ 5.2) derived from Figure 3.1A appeared to be somewhat 
higher than the pKa value of alkyl carboxylates, which may have resulted from 
the presence of methanol in the mobile phase.30 The other surfactant groups 
plotted in Figure 3.1A all show similar trends, with a steady increase of log 
k’ values at pH values lower than 6, and sharply increasing log k’ values at 
pH 3 and below. The similarity of the curves indicates that this likely results 
from changes in the silica surface of the stationary phase. The silica surface 
of a C18 stationary phase can contain several forms of acidic silanol groups 
that affect elution of anionic compounds by ion-exclusion.31,32 When these 
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groups are protonated at low pH, the ion-exclusion effect disappears and 
the silica surface allows for more interaction of the anionic compound with 
the stationary phase, thereby increasing retention 33. Another less common 
explanation is the protonation of basic groups present in the stationary phase. 
Méndez et al.34 reported anion-exchange properties of several C18 columns 
when measuring at acidic pH values (pH 3.4) and related this observation to 
impurities originating from the production process of the silica core. Although 
the column used in the present study contains an end-capped C18 phase, free 
silanol sites may still be present. However, the manufacturer was not able to 
give information about the amount of silanol sites. It is therefore difficult to 
determine the role of charged silanol groups on the elution behavior of these 
anionic compounds.

Another way to suppress the effect of electrostatic interactions is to increase 
the ionic strength of the mobile phase.35,36 Increasing ionic strength would be 
a better approach than decreasing the pH because the anionic surfactants 

Figure 3.1: Logarithmic retention factors (log k’) versus pH of the mobile phase (A), 

and log k’ versus ammonium acetate concentration in the mobile phase (B) for selected 

anionic surfactants obtained with a mobile phase composition of ϕ = 0.8. All test 

compounds had a chain length of 13 carbon atoms with the following head groups: 

benzene sulfonate (C13-1-BzSO3
-), carboxylate (C13CO2

-), carboxylate in a perfluorinated 

chain (PFC13CO2
-), sulfate (C13SO4

-), and sulfonate (C13SO3
-).
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remain in their ionic state, which is relevant when studying their interaction 
with the aqueous phase. Ammonium acetate was used to examine the effect 
of ionic strength on the elution of anionic surfactants (Figure 3.1B). Without 
ammonium acetate, retention of anionic surfactants decreased to t0 and peak 
symmetry of the test compounds deteriorated significantly. When increasing 
the ammonium acetate concentration from 0 mM to 40 mM, retention 
of anionic surfactants increased because negatively charged sites on the 
stationary phase were probably suppressed and the ion-exclusion mechanism 
became less prominent. Retention of the compounds increased until 
approximately 20 mM ammonium acetate, and retention remained constant 
up to 50 mM ammonium acetate (not shown in Figure 3.1B). Yet, to prevent 
salts from interfering with the ionization in the mass spectrometric system, 
log k’ values for all other measurements were determined at a concentration 
of 5 mM ammonium acetate. The differences in k’0 values at 5 mM ammonium 
acetate and maximum k’0 values (>20 mM ammonium acetate) are small 
(Figure S3.1 in the Supporting Information) and can be corrected by using a 
correction factor of 1.028 (not applied to the data in the present study). 

Effect of modifier strength on determination of k’ 

For all compounds in the present study, retention factors (k’) were determined 
at a range of methanol fractions (ϕ) between 0.40 and 0.85, as long as elution 
times did not exceed 90 min. The relationship of log k’ versus ϕ was linear for 
most of the tested methanol fractions (Figure S3.2, Supporting Information). 
Within a surfactant group, the slope of the log k’ versus ϕ relationship 
increased slightly (negatively) with increasing carbon chain length. For each 
surfactant group, the convergence point of these plots was well above 90% of 
methanol. This resulted in a constant order of elution of the mixtures at most 
methanol fractions, which allowed for extrapolation of the regression lines to 
lower methanol fractions.37 However, overall slope values differed between 
surfactant groups (Figure S3.3, Supporting Information). At high fractions of 
methanol, nonlinearity was observed for most compounds as elution times 
approached t0 and the error in the calculation of k’ increased. Surfactants with 
carbon chain lengths above 10 carbon atoms were often found to be linear 
up to ϕ = 0.88, while chain lengths shorter than 10 carbon atoms were only 
linear at much lower methanol fractions (maximum ϕ = 0.50 for perfluoro-
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C4-carboxylate). Data points that were used in the extrapolation of retention 
factors to obtain log k’0 in pure water were always chosen from the linear part 
of the log k’ versus ϕ relationship and when tr was at least 50% higher than t0. 

Effect of molecular structure on retention of surfactants

The linear log k’ versus ϕ relationship was used to calculate retention factors 
in pure water. A linear relationship between log k’0 and the number of carbon 
atoms in the alkyl chain was observed for all test compounds (Figure 3.2 and 
Figure S3.4 in the Supporting Information). The slope in Figure 3.2 indicates 
a change in the behavior of the test compound in water after addition of a 
hydrocarbon or a fluorocarbon group. A relatively steep slope refers to a strong 
increase in affinity to the C18 stationary phase resulting from increasing chain 

Table 3.1: Structural fragments, fragment values (f ) with standard errors, and description 

of the fragments.

Fragments Fragment value (f) Description

CH2
* 0.47 (±0.01) Aliphatic hydrocarbon 

aromatic-CH 0.21 (±0.01) Aromatic hydrocarbon 

CF2
* 0.56 (±0.01) Fluorocarbon 

aromatic-OH -0.93 (±0.11) Aromatic alcohol

aliphatic-OH -0.97 (±0.19) Aliphatic alcohol

OCCn 0.10 (±0.03) Ethoxylate group

CO2
-
(H) -2.02 (±0.14) Hydrocarbon attached carboxylic acid

CO2
-
(F) -0.65 (±0.19) Fluorocarbon attached carboxylic acid

SO3
- -2.01 (±0.11) Sulfonate

SO4
- -1.94 (±0.14) Sulfate

COOC -0.50(±0.14) Ester

Intercept 0.51 (±0.15) Intercept value (b)
*The fragments CH2 and CF2 include CH3 and CF3 groups as well because it was not 

possible to distinguish between these two fragments.
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lengths of the hydrophobic carbon chain with associated increases in the 
energy required for cavity formation. However, the head group structure also 
slightly influences the slope of a surfactant group. A distinction can be made 
between certain compound groups based on the slope of the relationship 
of log k’0 versus the number of carbon atoms. All nonionic compounds have 
higher slopes (0.50–0.56 log unit per carbon atom) compared to those of ionic 
compounds (0.39–0.46 log unit per carbon atom), except for perfluoroalkyl 
carboxylates (0.56 log unit per carbon atom; Table S3.2 in the Supporting 
Information). Also, nonionic compounds have a higher retention factor than 
anionic surfactants when compared at the same carbon chain length (Table 
S3.2 and Figure S3.4 in the Supporting Information). The nonionic alcohol 
ethoxylates generally showed higher log k’0 values than those of anionic 
surfactants with similar carbon chain lengths (except for perfluoroalkyl 
carboxylates). 

Eadsforth et al. 38 measured retention factors of alcohol ethoxylates on a 
C18 stationary phase at j = 0.9 and found a similar trend when studying the 
effect of carbon chain length on the retention of these compounds. However, 
an increase in the number of ethoxylate units (OCCy) resulted in a very slight 
decrease of the retention factor (approximately –0.01 log unit per ethoxylate 
unit), whereas in the present study a stronger increase in retention factor 
with increasing number of ethoxylate units is observed (~0.09 log unit per 
ethoxylate unit).38 This deviation results from a different experimental set-up 
in the present study compared to that of Eadsforth et al.,38 where retention 
factors were measured at a constant methanol fraction (ϕ = 0.9). When 
studying the log k’ versus ϕ relationship for 2 C12-ethylene glycols, our data also 
showed an increase in the retention factor per ethoxylate unit at ϕ = 0.9; but a 
convergence point is observed at ϕ = 0.88, resulting in reversal of the elution 
order when extrapolated to ϕ = 0 (Figure S3.5, Supporting Information). 

Significantly higher log k’0 values were found for perfluoroalkyl carboxylates 
compared with their hydrocarbon equivalents. This is the effect of 2 
mechanisms: 1) the fluorine atoms in CFx moieties are larger than the hydrogen 
atoms in CHx moieties and thereby increase the cavity size and energy 
required for perfluoroalkyl carboxylates to dissolve in water compared with 
that of alkyl carboxylates,39 and 2) the highly electronegative fluorine atoms in 
the perfluoroalkyl chain maintain an electron withdrawing effect and tend to 
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pull the negative charge away from the carboxylic head group, making it less 
hydrated and therefore reducing affinity with the aqueous phase.40 De Voogt 
et al.9 found similar results for perfluoroalkyl carboxylates but log k’0 values 
increased more per carbon atom (0.66 versus 0.57 log unit per carbon atom in 
the present study; Table S3.2 in the Supporting Information) resulting in lower 
log k’0 values for perfluoroalkyl carboxylates with shorter chain lengths and 
higher log k’0 values for longer chain lengths when compared with the present 
findings (Table S3.3, Supporting Information). 

The increased log k’0 values of alkyl benzene sulfonates compared with 
those of alkyl sulfonates are explained by the presence of a benzene group 
(Figure 3.2). A change in the position of the benzene sulfonate head group 
on the alkyl chain affects the retention factor only slightly. When the benzene 
sulfonate head group shifts from the end of the carbon chain (y = 1) to 
another position (y > 1), the hydrophobic alkyl chain becomes branched. 
Branching of alkyl benzene sulfonates is known to have an effect on their 
properties (i.e., on solubility, surface tension, and critical micelle concentration 
values).41,42 Likewise, the retention factor is slightly decreased as the position 

Figure 3.2: Logarithmic retention factors in pure water (log k’0) versus the number of 

carbon atoms in the alkyl chain (#C atoms (x)) for different anionic surfactant groups: 

perfluoroalkyl carboxylates (PFCxCO2
-), primary and secondary alkyl benzene sulfonates 

(Cx-1-BzSO3
- and Cx-2-BzSO3

-), alkyl carboxylates (CxCO2
-), alkyl sulfates (CxSO4

-), and alkyl 

sulfonates (CxSO3
-).
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of the head group is changed from the end towards the middle of the carbon 
chain. For example, less retention was observed for C12-5-benzene sulfonate 
(internal standard) compared to C12-2-benzene sulfonate (Table S3.3, 
Supporting Information). Irrespective of the head group (i.e., carboxylate, 
sulfate, or sulfonate), all remaining anionic surfactants with aliphatic carbon 
chains showed similar log k’0 values for equal carbon chain length; and this 
phenomenon may be caused by their similar monovalent negative charge. 
The slope of the relationship of log k’0 versus the number of carbon atoms for 
PAHs (0.20 log unit per C atom) was much lower than that of other compounds 
because of the presence of aromatic carbon atoms. Because of the aromatic 
carbon structure, PAHs contain fewer hydrogen atoms than an aliphatic 
carbon structure and therefore have a smaller molecular volume.43 

Contribution of structural fragments to retention

Because all plots of log k’0 values versus number of carbon atoms yield linear 
relationships, the fragmental contribution of each structural unit to the total 
log k’0 value was calculated for all surfactants and expressed in fragment 
values (i.e., f(n) in Theory, above). The prediction of retention factors from 
these fragment values is divided into 3 different contributions: 1) length and 
structure of the alkyl chain, 2) structure of the head group, and 3) remaining 
structural variables like number of ethoxylate units on the alkyl chain. 
Structural fragments and their fragmental contribution are shown in Table 3.1. 

Fragments of the hydrocarbon or perfluorocarbon alkyl chain are presented 
as CH2 or CF2 groups. However, we were unable to make a distinction between 
CH2 and CH3 or CF2 and CF3 fragments because both fragments were always 
mutually present. As expected, the highest f values were calculated for CH2 
(0.47 log unit) and CF2 fragments (0.56 log unit), because these are known to 
contribute to the hydrophobicity of neutral nonpolar compounds.39,43 These 
2 fragments have the least interaction with the aqueous phase and therefore 
only add to the energy needed to create a cavity for solvation. Fluorocarbon 
units had a slightly higher f value than hydrocarbon units because of the 
difference in geometry (size) between the fluorine and hydrogen atoms.39 
Aromatic hydrocarbon fragments (aromatic-CH) showed a much lower f value 
(0.21 log unit) than aliphatic hydrocarbons because of the more compact 
structure (fewer hydrogen atoms) and therefore smaller total cavity in the 
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aqueous phase.43 Both aromatic and aliphatic OH fragments contribute 
negatively to log k’0 values (-0.93 and -0.97 log unit, respectively), which is 
explained by the hydrogen bond donor/acceptor properties of the hydroxyl 
moiety. Hydrogen bonding interactions are also present in the ethoxylate 
fragments, but these interactions are probably countered by the 2 carbon 
atoms in this structural fragment, resulting in a slightly positive f value (0.10 
log unit). However, the hydrogen bonding interactions of the double-bonded 
and single-bonded oxygen atoms in the methyl ester fragment (COOC) result 
in a negative contribution to log k’0 (-0.50 log unit).

In Figure 3.2, the log k’0 values of several anionic surfactant groups (alkyl 
sulfates, alkyl carboxylates, and alkyl sulfonates) show hardly any difference at 
equal chain lengths. As a result, the f values of the anionic head groups SO4

-, 
SO3

- and CO2
-
(H) are also highly comparable (-1.94, -2.01 and -2.02 log units, 

respectively). The relatively high negative f values correspond to the affinity 
of these fragments for the water phase and are the result either of hydrogen 
bonding interactions or of electrostatic interactions with water. However, it is 
difficult to determine the exact extent of each interaction. First, the number of 
hydrogen bonding sites (oxygen atoms) does not correlate with the f value of 
these structural fragments, but this can also be an effect of the positioning of 
the oxygen atoms in each head group. Also, there is no relation between the 
electrostatic charge and the calculated f value when comparing the pKa values 
of these compounds. The distinction between hydrocarbon-attached and 
fluorocarbon-attached carboxylate fragments - CO2

-
(H) and CO2

-
(F), respectively 

- can be explained by the electron-withdrawing effect of the perfluorinated 
carbon chain on the carboxylate head group.40 This effect causes a lower 
net negative charge of the CO2

-
(F) moiety, which results in a less hydrated 

carboxylic acid, subsequently weakening the affinity of the compounds with 
the aqueous phase.40,44 The corresponding f value is therefore more positive 
for the head group of perfluoroalkyl carboxylates compared to that of alkyl 
carboxylates: -0.65 log unit for CO2

-
(F) versus -2.02 log units for CO2

-
(H). Overall, 

when comparing all fragments and their calculated f values, the results are 
consistent with the possible interactions the fragments can have with the 
aqueous phase (such as hydrogen bonding, cavity formation, etc.). In summary, 
the calculated f values from the present study correctly correspond with the 
expected interactions between the structural fragments and the aqueous 
phase (such as hydrogen bonding, cavity formation).
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Comparison of fragment values 

The programs KOWWIN from EPI Suite45 and Marvin calculator from 
ChemAxon46 use fragment values to predict log KOW values. We compared our 
fragment values derived from the measured retention factors with fragment 
values used for calculation of log KOW values by these programs (Supporting 
Information, Table S3.4). An exact quantitative comparison cannot be made 
however, because the affinity of organic compounds for octanol (KOW models) 
or a C18 stationary phase (present study) is based on different interactions. 
Because octanol contains hydrogen bond donor and accepting properties, it 
is expected that, for molecular fragments which can form hydrogen bonds, 
fragment values of KOWWIN and Marvin calculator will deviate from calculated 
fragment values from the present study. However, for fragments lacking 
these interactions (e.g., CH2 and aromatic-CH in Supporting Information, 
Table S3.4) the octanol and C18 phases are considered similar organic phases, 
and fragment values should differ less. The changes in hydrophobicity as a 
function of the number of ethoxylate units are relatively small according to 
fragment values from the present study (f = +0.10 log unit) and those from 
Marvin calculator (f = -0.04 log unit). An exception is the fragment value of the 
number of ethoxylate units calculated by KOWWIN (f = -0.27 log unit), implying 
significantly less affinity of ethoxylate units for octanol than for the C18 phase. 
For the anionic head groups CO2

-
(H), SO3

-, and SO4
-, fragment values calculated 

with Marvin calculator show a similar trend with f values calculated from HPLC 
retention factors. KOWWIN shows the same trend for SO3

- and SO4
- but a much 

lower aqueous affinity for CO2
-
(H). The 2 programs do not distinguish between 

hydrocarbon-attached and fluorocarbon attached carboxylic acids. However, 
KOWWIN uses a correction factor for the number of CF2 units (-0.3 log units 
per unit) in a perfluoroalkyl chain. The justification of this correction factor is 
unclear because no reference could be obtained.47 Another notable difference 
with the fragment values calculated in the present study is the relatively low 
fragment value of the COOC fragment calculated by KOWWIN. Although it 
would be expected that the presence of hydrogen bonds in the octanol phase 
would increase partitioning of an alkyl methyl ester to octanol compared to 
retention on a C18 phase, the opposite is observed. Marvin calculator, on the 
other hand, shows much lower affinity, comparable to those of ethoxylate 
fragments. Most differences in fragment values are explained by the different 
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interactions that are at play in these 2 systems (Table S3.4, Supporting 
Information). However, regarding the anionic head groups, it must be noted 
that KOWWIN cannot calculate octanol-water distribution constants (log DOW) 
of ionic compounds. For fragments like CO2

-
(H), the program uses protonated 

carboxylate fragments instead. In this way, the prediction method ignores the 
greater portion of interactions that define dissolution of ionic compounds 
into octanol. Marvin calculator overcomes this by using the pKa value to 
calculate log DOW and selects different fragment values depending on their 
protonation state. Although this seems to be a better approach, errors in pKa 
calculations can still cause deviations in predictions of log DOW.48 Probably the 
largest concern with both programs is that the greater part of the fragment 
values used in their calculations originate from the same database.49 For most 
(anionic) surfactants, there is simply no experimental data available, and this 
lack of surfactant data in databases causes uncertainties in the prediction of 
log KOW values.

Comparison of log KOW values

Besides the previously discussed programs of Marvin calculator and KOWWIN 
(which use relatively simple Quantitative Structure Activity Relationships 
[QSAR] methods), there are other programs, such as SPARC from ARChem50 and 
COSMOThermX from Cosmologic51 which use a more mechanistic approach 
to predict log KOW values. The SPARC program relies on a combination of 
linear free energy theory for thermodynamic properties and perturbation 
molecular orbital methods for quantum mechanical contributions.52 The 
program uses molecular increments just like KOWWIN and Marvin calculator 
but uses intermolecular interaction properties to define partition constants. 
Therefore, SPARC is more robust because the increments can be calibrated 
for any partition data and are not bound to a specific partition process.52 
However, SPARC still has an application domain that is limited by its calibration 
with experimental data. On the other hand, COSMOThermX uses quantum 
mechanical calculations and statistical thermodynamics in a solvation model 
to describe interactions between solvent and solute. Its approach uses much 
fewer empirical parameters, and the output is therefore not limited to any 
kind of calibration.52,53 The module COSMOConfX (version 3.0, Cosmologic) 
can account for different molecular conformations and gives COSMOThermX 
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a more robust approach compared with the other programs. However, this 
specific feature also significantly increases calculation time. We used KOWWIN, 
Marvin calculator, SPARC and COSMOThermX to calculate log KOW values and 
compared these with log KOW values obtained from regression of retention 
factors in pure water with literature log KOW values for reference compounds.

Retention factors of reference compounds with known experimental log 
KOW values (alkyl benzenes, alkyl phenols, and alkyl methyl esters) were 
used to calculate log K

O

H

W

PLC values for all test compounds (Figure S3.6, 
Supporting Information). The experimental log KOW data used for the reference 
compounds were obtained from the EpiSuite database, and it must be noted 
that some of these values were obtained by an HPLC method similar to that 
in the present study.54 Because the reference compounds are nonionic and 
much less polar than the tested surfactants in the present study and other 
data are not available, we assumed that this was the most reliable approach to 
predict log KOW values for our test compounds. The log K

O

H

W

PLC values are shown 
in Table S3.3 in the Supporting Information, together with calculated log KOW 

Figure 3.3: Logarithmic octanol-water partition constants (log KOW) calculated with 

COSMOThermX versus logarithmic octanol-water partition constants derived from 

retention factors (log K
O

H

W

PLC) measured in the present study for different surfactant 

groups: perfluoroalkyl carboxylates (PFCxCO2
-), alkyl benzene sulfonates (Cx-y-BzSO3

-), 

alcohol ethoxylates (Cx(OCC)yOH), alkyl carboxylates (CxCO2
-), alkyl sulfonates (CxSO3

-), 

and alkyl sulfates (CxSO4
-).Dotted line represents a 1:1 line.
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values from the 4 computational programs. The log K
O

H

W

PLC values were plotted 
against calculated log KOW for all programs in Figure 3.3 and Figure S3.7 in the 
Supporting Information. All estimated log KOW values were calculated for the 
neutral form of the substance because log KOW calculations of ionic species 
resulted in very unrealistic values. When comparing calculated values with log 
K

O

H

W

PLC values, KOWWIN returns the lowest log KOW values and shows a significant 
increase in log KOW values with increasing number of ethoxylate units, whereas 
the opposite is seen with log K

O

H

W

PLC values for alcohol ethoxylates. Marvin 
calculator produces log KOW values that correspond better with log K

O

H

W

PLC than 
log KOW values from KOWWIN. For all hydrocarbon surfactants, log KOW values 
calculated with SPARC show the best fit with log K

O

H

W

PLC values. However, SPARC 
greatly overpredicts log KOW values for perfluorinated surfactants. For these 
compounds, the simpler QSAR programs like Marvin calculator and KOWWIN 
show a better fit. The program COSMOThermX slightly overpredicts log KOW 
values for all surfactants, especially for alkyl sulfates, but gives the best fit for 
perfluoroalkyl carboxylates. Overall, SPARC shows the best relationship with 
log K

O

H

W

PLC values for surfactants with a hydrocarbon tail, whereas perfluorinated 
surfactants show the best fit with values calculated with COSMOThermX. It is 
important to note that the calculated log KOW and derived log K

O

H

W

PLC values 
remain arbitrary because no experimental reference values are present, 
especially for anionic surfactants. 

CONCLUSIONS

In the present study, an alternative approach is presented to determine the 
hydrophobicity of nonionic and anionic surfactants. The retention factors 
measured on a C18 stationary phase showed a linear relationship with organic 
modifier strength in the mobile phase and allowed for the extrapolation 
and determination of retention factors in pure water. Changes in pH and 
ionic strength (i.e., variation of ammonium acetate concentration) affected 
the retention factor of anionic surfactants, possibly by screening of surface 
charges on the silica base of the C18 column as well as by protonation of 
test compounds (e.g., alkyl carboxylates). The calculated contributions of 
structural fragments gave more insight into the interactions that influence the 
hydrophobicity of surfactants. Hydrocarbon and perfluorocarbon fragments 
(CH2 and CF2 units) had the largest positive fragment values and thereby 
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contribute most to the hydrophobicity by increasing the energy needed for 
cavity formation in the water phase. Anionic head groups (CO2

-, SO4
- and SO3

-) 
had the largest negative fragment values and therefore contribute more to 
the hydrophilic character of the surfactant (e.g., by hydrogen bonding and/ or 
electrostatic interactions with the water phase). Furthermore, octanol-water 
partition constants of surfactants that were derived from retention factors of 
reference compounds (log K

O

H

W

PLC) show the best agreement with calculated 
log KOW values from COSMOThermX.

Although retention factors on a reversed-phase C18 column are representative 
of the hydrophobicity of surfactants, it is not only hydrophobicity that 
determines the partitioning of surfactants between water and environmental 
matrices. Hydrophobicity combined with specific interactions (i.e., hydrogen 
bonding, electrostatic interactions, etc.) between surfactants and other 
phases will eventually determine their fate. The actual importance of log KOW 
for surfactants therefore remains ambiguous, and one can argue whether 
predicting and comparing log KOW values of anionic surfactants has any 
meaning. In that sense, retention on a C18 column better reflects hydrophobicity 
because any specific interactions do not occur with the C18 phase. Fragment 
values from the present study correctly correspond with the interactions that 
are expected to play a role in determining the hydrophobicity of nonionic and 
anionic surfactants and from a theoretical and practical viewpoint seem to be 
a better approach than octanol-water partitioning. 
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SUPPORTING INFORMATION

Figure S3.2: Logarithmic retention factors (log k’) as a function of methanol fraction (j) 

for a series of alkyl sulfates (CxSO4
-) with a chain length of 11 to 18 carbon atoms.
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Figure S3.1: Logarithmic retention factors (log k’) versus methanol fraction (j) for C13-

1-benzene sulfonate in a mobile phase containing 4 and 40 mM ammonium acetate. 

Note that the retention factor only changes with a factor of 1.028 when the ammonium 
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Figure S3.3: Logarithmic retention factors (log k’) as a function of methanol fraction (j) 

for C12-octaethylene glycol ether (C12(OCC)8OH), perfluoro-C12-carboxylate (PFC12CO2
-), 

pyrene, and C11-sulfate (C11SO4
-).
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Figure S3.4: Logarithmic retention factors in pure water (log k’0) versus the number 

of carbon atoms (x) for different nonionic chemical groups: alkyl benzenes (CxBz), alkyl 

phenols (CxBzOH), alkyl octaethylene glycols (Cx(OCC)8OH), alkyl tetraethylene glycols 

(Cx(OCC)4OH), alkyl methyl esters (CxCOOC), and polycyclic aromatic hydrocarbons 

(PAHs). Note that for PAHs, x refers to the number of aromatic carbon atoms present in 

the molecule.
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Chapter 3Figure S3.5: Logarithmic retention factors (log k’) versus methanol fraction (ϕ) for two 

alcohol ethoxylates (C12(OCC)4OH and C12(OCC)8OH) and their fitted regression lines. The 

convergence points of the two regressions is indicated by the dotted vertical line. 
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Figure S3.6: Experimental octanol-water partition constants obtained from literature 

(log KOW) versus retention factors (log k’0) for reference compounds: alkyl methylesters 

(CxCOOC), alkyl benzenes (CxBz), and alkyl phenols (CxBzOH). The fitted regression line 

(log KOW = 0.996×log k’0 - 0.498; r2 = 0.964) was used to calculate log KOW values for 

surfactants.
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Figure S3.7: Logarithmic octanol-water partition constants (log Kow) calculated with 

the programs CosmoThermX (A), SPARC (B), Marvin calculator (C), and KOWWIN (D) 

versus calculated octanol-water partition constants from retention factors (log K
O

H

W

PLC) 

for different surfactant groups: perfluoroalkyl carboxylates (PFCxCO2
-), alkyl benzene 

sulfonates (Cx-y-BzSO3
-), alcohol ethoxylates (Cx(OCC)yOH), alkyl carboxylates (CxCO2

-), 

alkyl sulfonates (CxSO3
-), and alkyl sulfates (CxSO4

-). The dotted line represents a 1:1 line.
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Table S3.1: Compound groups used in this study with chain lengths of the carbon chain, 

CAS number, and mass spectrometer settings used in the detection of the analytes. 

Compound group
Carbon chain 
length 

CAS Q1 Q3 DP CEb

CxCO2
- 9 334-48-5 171.2 171.2 55 10

11 143-07-7 199.2 199.2 55 11

13 544-63-8 227.3 227.3 55 12

14 1002-84-2 241.3 241.3 55 13

15 57-10-3 255.4 255.4 60 15

17 57-11-4 283.3 283.3 65 16

19 506-30-9 311.3 311.3 70 16

CxSO3
- 11 45164-10-1 235.3 80.1 65 43

13 31169-62-7 263.4 80.1 65 47

14 7314-37-6 277.5 80.1 70 55

15 31169-63-8 291.5 80.1 70 55

16 15015-81-3 305.8 80.1 70 60

18 13893-34-0 333.9 80.1 75 65

CxSO4
- 11 1072-24-8 251.2 97 57 35

13 3026-63-9 279.2 97 55 40

15 13393-71-0 307.2 97 65 40

16 1120-01-0 321.2 97 65 45

17 5910-79-2 335.9 97 70 50

18 1120-04-3 349.8 97 70 50

PFCxCO2
- 4 2706-90-3 263 219 50 10

5 307-24-4 313 269 60 10

6 375-85-9 363 319 50 10

7 45285-51-6 413 369 50 10

8 73829-36-4 463 419 50 25

9 335-76-2 513 469 50 25

10 171978-95-3 563 519 50 25

11 862374-87-6 613 569 50 25

12 365971-87-5 663 619 50 25

13 1214264-30-8 713 699 50 25

15 798556-82-8 813 769 50 25
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Table S3.2: Compound names, abbreviations, and slopes and intercepts of log k’ versus 

number of carbon atoms for all test compounds.

Compound name Abbreviations Slope intercept

Alkyl benzene CxBz 0.53 (±0.01) 1.55 (±0.10)

Alkyl phenol CxBzOH 0.53 (±0.01) 0.45 (±0.04)

Alkyl tetraethylene glycol Cx(OCC)4OH 0.54 (±0.00) -0.92 (±0.05)

Alkyl octaethylene glycol Cx(OCC)8OH 0.50 (±0.01) -0.02 (±0.17)

Alkyl carboxylate CxCO2
- 0.43 (±0.01) -0.95 (±0.08)

Perfluoroalkyl carboxylate PFCxCO2
- 0.57 (±0.01) -0.29 (±0.11)

Alkyl sulfonate CxSO3
- 0.46 (±0.01) -1.49 (±0.19)

Alkyl sulfate CxSO4
- 0.46 (±0.01) -1.17 (±0.09)

Alkyl methyl ester CxCOOC 0.51 (±0.02) -0.92 (±0.22)

Alkyl benzene sulfonate (α-position) Cx-1-BzSO3
- 0.41 (±0.00) 0.65 (±0.05)

Alkyl benzene sulfonate (β-position) Cx-2-BzSO3
- 0.41 (±0.02) 0.52 (±0.27)

Polycyclic aromatic hydrocarbons PAHs 0.21 (±0.00) 0.44 (±0.32)
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Table S3.4. Structural fragments, increment values (f) derived from retention factors 

including standard error, and fragment values from the computational programs 

KOWWIN and Marvin.

Fragments Fragment value (f)
Fragment value 
KOWWIN

Fragment value 
Marvin

CHx 0.47 (±0.01) 0.49a -0.49b

aromatic-CHx 0.21 (±0.01) 0.29a 0.28c

CFx 0.56 (±0.01) N.A. 0.68c

aromatic-OH -0.93 (±0.11) -0.48a -0.01c

aliphatic-OH -0.97 (±0.19) -1.41a -0.31c

(OCC)n 0.10 (±0.03) -0.27c -0.04c

CO2
-
(H) -2.02 (±0.14) -0.69c -3.64 (ionic)c

CO2
-
(F) -0.65 (±0.19) -0.69c -3.64 (ionic)c

SO3
- -2.01 (±0.11) -3.16a -2.89 (ionic)c

SO4
- -1.94 (±0.14) -2.50a -2.65 (ionic)c

COOC -0.50 (±0.14) -0.95c -0.06c

a Data taken from Meylan and Howard (1995)55; b Data taken from Viswanadhan et al. 

(1989)56; c Data directly from program calculations
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ABSTRACT

In environmental risk assessment, it is essential to understand the relationship 
between molecular structure and fate and toxicity of organic contaminants. 
For surfactants, physico-chemical parameters which can reflect the 
interactions that determine surfactant behavior are not well defined and 
are therefore needed for the development of robust quantitative structure-
activity relationships (QSAR). For the present study, we have measured HPLC 
retention times of several hydrocarbon and perfluorocarbon surfactant 
groups on a mixed-mode weak anion-exchange (WAX) and mixed-mode 
hydrophilic interaction liquid chromatography (HILIC) stationary phase. The 
nonionic alcohol ethoxylates are well retained on the HILIC column. Retention 
of anionic surfactants on the HILIC column is likely influenced by the degree 
of hydration of the surfactants and electrostatic repulsion from silanol groups. 
Less hydrated anionic surfactants (perfluoroalkyl carboxylates, perfluoroalkyl 
sulfonates and alkyl sulfates) show minimal hydrophilic interaction while other 
better hydrated anionic surfactants (alkyl carboxylates and alkyl sulfonates) 
are well retained. The retention mechanism of surfactants on both columns 
seems to be related to their degree of hydration, albeit expressed in different 
retention behavior: generally, retention on the WAX phase increases when 
retention on the HILIC phase decreases, and vice versa. The retention times 

Graphical abstract
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log kC18 log kHILIC log kAX
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from both columns were used to calculate retention factors (k’) and these 
were subsequently used in calculating parameters that reflect the electrostatic 
property (kAX) and hydrophilic property (kHILIC) that determine the interaction 
between the hydrophilic part of the surfactant and the stationary phase. 
In further development of predictive models, we suggest the use of kAX for 
anionic surfactants and kHILIC for nonionic surfactants.  

INTRODUCTION

Surfactants are high production volume chemicals with applications in industry 
and numerous consumer products. As a consequence of their widespread 
use and resulting emission, surfactants may enter the environment and can 
sometimes be detected in water,1 wildlife,2 and humans,3 and may exert 
physiological effects.4 In the last decade, perfluorinated surfactants are of 
particular concern in the scientific community and for regulators because they 
have been recognized as being highly persistent,5 potentially bioaccumulative 
and toxic,6,7 and are often present in complex mixtures.8 Prediction of the fate 
and potential effects of surfactants in the environment is needed for regulation 
and requires an understanding of their environmental behavior. 

The behavior of solutes in water is a result of the intermolecular forces 
between water-water and/ or water-solute molecules. For surfactants, 
these interactions can be divided into three physico-chemical properties: 
hydrophobicity of the alkyl chain, hydrophilicity of the head group structure, 
and for ionic surfactants the electrostatic character of the head group.9,10 
Hydrophobicity of organic compounds corresponds to a tendency of a 
chemical to escape the aqueous phase and is related to the energy that is 
needed for water to form a compound-surrounding cavity in the aqueous 
phase.9,11 For surfactants, the hydrophobic property is mostly related to the 
length or size of the alkyl chain. The hydrophilic property of (ionic) surfactants 
originates from polarity, hydrogen-bonding ability, and charge density of 
the head group structure. Note that, compared to anionic surfactants, some 
nonionic surfactants (i.e., alcohol ethoxylates) do not have such a clear “head 
group” structure because their hydrophilic property originates from a chain 
of repeating polar ethoxylate groups. The hydrophilic property of these 
surfactants can therefore not directly be compared to that of the anionic 
surfactant head group structure, and for nonionic surfactants in the current 
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study we therefore refer to the “hydrophilic part” of the surfactant rather 
than to the “head group”. Electrostatic interactions of the anionic surfactant 
head group can be responsible for specific sorption of ionic surfactants to 
other phases as well as the formation of ion-pairs or ion-bridges with other 
phases.12 All these physico-chemical properties influence the arrangement of 
water molecules around the surfactant and determine whether a compound 
is well (kosmotropic) or poorly hydrated (chaotropic). The resulting hydration 
sphere of the surfactant has a major influence on the behavior of surfactants 
in water.13–17 A relationship between hydration and retention of a compound 
on a stationary phase has been observed in hydrophilic interaction liquid 
chromatography (HILIC) and ion exchange chromatography.18–20 The retention 
of surfactants on such phases therefore gives information about their physico-
chemical properties and their behavior in water. Further quantification of these 
properties may result in usable parameters that can be applied in predictive 
models such as so-called quantitative structure-activity relationships 
(QSARs). These models are well developed for neutral chemicals,21,22 but are 
not applicable to ionized and/or surface active compounds. For the latter 
chemicals, parameters for QSAR models are currently not well defined.23,24 The 
main focus of this work is the development of new parameters based on the 
retention on the HPLC columns that reflect different interactions of neutral 
and anionic surfactants. These parameters can be applied for understanding 
the interactions of surfactants with other phases and as descriptors in new 
models to predict their environmental fate and effects. 

In a previous study, we used retention times from a C18 stationary phase in 
reversed-phase high-performance liquid chromatography (HPLC) as an 
alternative approach to determine hydrophobicity of nonionic and anionic 
surfactants.10 The effect of hydrophobicity and chemical structure (carbon 
chain length) on retention on a HPLC column is well known. An example of 
such an effect for different classes of surfactants is given by Haefliger.25 For the 
current study, we measured the retention and used the retention factors of 
nonionic and anionic surfactants from a mixed-mode Weak Anion Exchange 
(WAX) column to study and quantify the electrostatic property of the head 
group of anionic surfactants. Furthermore, retention of anionic and nonionic 
surfactants on a mixed-mode HILIC column was used to quantify their 
hydrophilic property. Additionally, the effect of pH and ionic strength on the 
retention of some surfactants on the HILIC column was studied. While some 
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studies have used HILIC and WAX columns in combination with surfactants,26–28 
these are mostly used for separation purposes rather than for understanding 
surfactant properties. We have tested a number of different surfactant classes 
including alcohol ethoxylates, alkyl benzene sulfonates, alkyl sulfates, alkyl 
sulfonates, alkyl carboxylates, perfluoroalkyl carboxylates, and perfluoroalkyl 
sulfonates. Within each class, homologues with different chain lengths were 
studied. 

MATERIALS AND METHODS

Chemicals 

In developing the parameters, single compounds were applied instead of 
complex technical mixtures. The limited number of compounds tested is 
sufficient to derive the parameters that we are interested in, and eventually 
these parameters may also be applied to technical surfactant mixtures. A 
similar approach was used in an earlier publication where a parameter for 
hydrophobic interaction based on retention on a C18 column was derived.10 
An overview of all test analytes with chain lengths and number/ positions 
of specific functional groups of individual compounds is given in Table 4.1. 
Sodium salts of alkyl carboxylates (CxCO2

-), perfluoroalkyl carboxylates 
(PFCxCO2

-) and perfluoroalkyl sulfonates (PFCxSO3
-), and alcohol ethoxylates 

(CxEOy) were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). 
Sodium salts of linear alkyl benzene sulfonates (CxBzSO3

-) were synthesized 
by Johannes Tolls.29 The compound C13EO8 was synthesized by Roy Sheppard, 
Unilever, Port Sunlight Research Laboratory.30 Sodium salts of alkyl sulfates 
and alkyl sulfonates were obtained from Research Plus (Barnegat, NJ, USA). All 
organic compounds had purities higher than 98%. Ammonium acetate was 
purchased from Sigma-Aldrich. Methanol and acetonitrile were obtained from 
Biosolve (Valkenswaard, The Netherlands). Ultrapure water was obtained from 
a Millipore water purification system (resistivity >18 MΩ/cm, Merck Chemicals, 
Amsterdam, The Netherlands). 
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Table 4.1: Overview of surfactants tested in the present study

Surfactant type Abbreviation
Chain length 
(x)

Functional 
groups (y)

pKa
*

Alcohol ethoxylates CxEOy 10

12

13 

14

16

4

4 - 8

4, 8

4, 8

4

n.a.

Alkyl benzene sulfonates CxBzSO3
- 1, 8 - 10, 12, 13 n.a 0.7 31

Alkyl sulfonates CxSO3
-

5, 8, 10, 11, 

13, 15
n.a. -1.9 32**

Alkyl sulfates CxSO4
- 8, 11, 13, 15, 16 n.a. -3.6 32**

Alkyl carboxylates CxCO2
-

2, 4, 9, 11, 

13 - 16
4.8 31

Perfluoroalkyl 

carboxylates
PFCxCO2

- 3 - 7, 9, 11, 12 -0.5 33**

Perfluoroalkyl sulfonates PFCxSO3
- 4, 6, 8 -4.8 34**

* It must be noted that the pKa values of the more acidic surfactants in this study 

(CxSO4
-, CxSO3

- and the perfluorinated surfactants) are very difficult to determine 

experimentally33,35,36 and while our references show discrete values they are mostly 

extrapolated or calculated by computer programs; n.a. = not applicable;

** Approximations or calculated values 

Stationary phases

The Acclaim mixed-mode WAX column consists of 3 µm high-purity, porous, 
spherical silica particles with 120 Å diameter pores (50×3 mm + guard; 
Thermo Fisher Scientific, Amsterdam, The Netherlands), and promotes both 
hydrophobic and ion-exchange interactions. The functional group consists of 
a hydrocarbon alkyl chain of unknown length and a tertiary amine terminus 
and is proprietary bonded with the silica core.37 The WAX column was used 
with a solvent-water mobile phase composition ranging from 80:20 to 100:0 
(v/v) with 10 mM ammonium acetate at a temperature of 40 °C with a flow 



125

Chapter 4

rate of 0.2 mL/minute. Similar to an earlier study with a C18 stationary phase, 
we used methanol as solvent in the mobile phase for the anion-exchange 
measurements. In the same study, it was observed that 5 mM ammonium 
acetate in the mobile phase helped shielding charges and reduced most 
of the electrostatic repulsion from silanol groups.10 Thermo Fisher does not 
describe the composition of the HILIC and WAX column coatings in detail but 
to minimize strain on the MS detector and at the same time to reduce the 
electrostatic repulsion from silanol groups, 10 mM ammonium acetate was 
added to the mobile phase of both columns.  

The Acclaim mixed-mode HILIC column (50×3 mm + guard; Thermo Fisher 
Scientific) consists of 3 µm high-purity, porous, spherical silica particles with 
120 Å diameter pores. The functional groups consist of diols attached to a 
hydrocarbon alkyl chain of unknown length, which is subsequently bonded to 
the silica surface. The HILIC column therefore promotes both hydrophobic and 
hydrophilic interactions at different mobile phase compositions. Retention 
times of surfactants were measured at solvent-water compositions ranging 
from 40:60 to 98:2 (v/v) with 10 mM ammonium acetate. Acetonitrile was 
used as solvent because it resulted in much better separation and retention 
compared to methanol.38 System setup, temperature and flow rate settings 
were identical to those used for the mixed-mode WAX runs.

Prior to each run, the columns were equilibrated with the mobile phase for at 
least 60 minutes. Both A and B channels that provided the aqueous and solvent 
mobile phase, respectively, contained equal concentrations of ammonium 
acetate (no precipitation was observed when dissolving ammonium acetate 
in methanol or acetonitrile). Surfactant mixtures that were injected contained 
a maximum of five compounds. The surfactant mixtures were prepared in a 
solvent mixture equivalent to the mobile phase composition of the respective 
run. An injection volume of 5 µL was used. Analyte concentrations ranged 
between 0.1 and 1 mg/L. Every retention time measurement was performed in 
triplicate and because the variation did not exceed 0.01 minutes, the average 
of triplicate measurements was used for further calculation. 
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LC-MS/MS analysis

Nonionic and anionic surfactants were analyzed on a Perkin Elmer 
(Norwalk, CT, USA) liquid chromatographic system (PE series LC) couple to 
a triple quadrupole mass spectrometer (SCIEX 3000 MS/MS system, Applied 
Biosystems, Nieuwerkerk aan den IJssel, The Netherlands) with a Turbo Ion 
spray source operated at 400 °C. Mass spectrometer settings of the analytes 
can be found in Hammer et al.10 Chromatograms were integrated with Analyst 
1.4.2 (Applied Biosystems).

RESULTS AND DISCUSSION

Retention of anionic surfactants on the mixed-mode WAX 
column

On the WAX column, anionic test analytes are retained by hydrophobic 
interactions with the alkyl chain as well as by electrostatic attraction with the 
anion-exchange functionality.28,37 On silica based columns retention of anionic 
compounds can also be affected by electrostatic repulsion originating from 
silanol groups that are negatively charged at pH 7.39,40 For the current study, it 
was attempted to minimize this effect by adding 10 mM ammonium acetate 
to the mobile phase (see section Stationary Phases). The relationship between 
the logarithmic retention factor and the methanol fraction in the mobile 
phase is considered linear for regular reversed-phase (C18) columns41–43 and 
can be expressed as: 

       (1)

where the slope a represents the change in the logarithmic retention 
factor (log k’) of the test analyte as a function of the methanol fraction (ϕ), 
and the intercept (log k’0) represents the logarithmic retention factor at ϕ0. 
The relationship between log k’ and ϕ was observed to be linear for the test 
analytes measured with the mixed-mode WAX column (Figure S4.1 in the 
Supporting Information).

Within each surfactant group, the slope of the log k’ versus ϕ relationship 
increased slightly (negatively) with increasing alkyl chain length of the 



127

Chapter 4

homologues. This means that there is a fraction ϕ in the log k’ versus ϕ 
relationship at which a surfactant with a longer alkyl chain length has the 
same log k’ value as a surfactant with a shorter alkyl chain length. The point at 
which both relationships ‘cross’ each other can often be found by extrapolation 
and is called a convergence point.44 For the hydrocarbon surfactant groups, 
the convergence point of the log k’ vs ϕ plots was well above 100% methanol 
which resulted in a constant order of elution at all realistic (extrapolated) 
methanol fractions. However, the convergence point of perfluorinated 
surfactants was observed to be at ϕ = 0.93 (PFCxCO2

-) and 0.95 (PFCxSO3
-) 

(Figures S4.1 E-F), and at 100% methanol the longer perfluoroalkyl chains 
were less retained than shorter perfluoroalkyl chains (Figure 4.1A). Jing et al.45 
showed that for PFCxCO2

- surfactants, the perfluoralkyl chain has an electron-
withdrawing effect on the carboxyl head group, reducing the charge-effect 
of the deprotonated oxygen atom. Using perfluorinated alcohols, Zygmunt et 
al.46 further showed that the electron withdrawing effect is mostly a result from 
the perfluorinated carbon atoms that are closest to the head group. Therefore, 
an alkyl chain longer than a few perfluorinated carbon atoms should not 
further affect the charge-effect of the head group and the decrease in log k’0 
with alkyl chain length for longer perfluorinated alkyl chains is more likely an 

Figure 4.1: Relationship between alkyl chain length of anionic surfactants and 

logarithmic retention factors on the WAX column, extrapolated to A) 100% methanol 

(log k’100) and B) 0% methanol (log k’0). All shown values are mean values of triplicates, 

variation in retention time between triplicates did not exceed 0.01 min.
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effect of the shape or length of the alkyl chain and its interaction with the 
stationary phase. At high organic modifier concentrations, anion exchange 
columns can often exert HILIC separation mechanisms due to accumulation 
of water molecules around the charged functional group.19,47 This may affect 
the ability of the perfluorinated surfactant to interact with the ion-exchange 
group. While the exact mechanism remains unclear, we can conclude that 
unlike for hydrocarbon surfactants the alkyl chain of perfluoroalkyl surfactants 
still affects the retention of these compounds at methanol fractions close to 
ϕ = 1. 

The logarithmic retention factors from the log k’ vs ϕ relationships were used 
in equation 1 to calculate logarithmic retention factors at 100% water (log k’0). 
A linear relationship between log k’0 and the number of carbon atoms in the 
alkyl chain was observed for all anionic surfactants. This is shown in Figure 
4.1B where the slope indicates the change in affinity of a surfactant in a pure 
aqueous mobile phase for the stationary phase per addition of a fluorocarbon 
or hydrocarbon unit to the carbon chain of the surfactant. Interestingly, the 
slope of perfluoroalkyl surfactants is comparable to that of hydrocarbon 
surfactants while, considering the highly hydrophobic nature of fluorocarbon 
moieties compared to hydrocarbons, one would expect the slopes of the 
perfluoroalkyl surfactants to be higher than those of the aliphatic surfactants.10 

Quantification of the electrostatic property of anionic 
surfactants

Because of the linear log k’0 vs Cx relationship, the effect of electrostatic 
interaction on retention was separated from the effect of hydrophobicity by 
extrapolating log k’0 to an alkyl chain length of zero carbon atoms (log kAX; 
Figure 4.1B). The parameter log kAX subsequently represents the interaction 
of the surfactant head group with only the anion-exchange functionality of 
the mixed-mode WAX column (Table 4.2). For an anionic compound to adsorb 
onto an ion-exchange site, it must first rearrange and remove a part of its 
hydration sphere in order to interact with the ion site.48,49 Poorly hydrated 
ions have to remove less water molecules than strongly hydrated ions and 
therefore absorb more easily onto an ion-exchange site.50 The ion-exchange 
capacity of the anion can therefore be related to its degree of hydration which 
is usually a result of the charge-density around the ion.19,51 Considering the 
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current literature on hydration of anionic surfactants, it is difficult to find a 
quantitative measure for the degree of hydration because the accumulation of 
water molecules around the head group is often derived from the ability of the 
surfactant to ion-pair with specific counter ions17,51,52 and simulations of the 
charge-density surrounding the head group.13,50,53 Nevertheless, using such 
studies gives a general overview about whether some anionic surfactants are 
better hydrated than others. Shelley et al.54 showed in computer simulations 
that alkyl carboxylates are well hydrated. They are therefore expected to have 
a relatively low ion-exchange capacity which is reflected in the log kAX value 
of CxCO2

- (Table 4.2). Vlachy et al.51 attempted to create a Hofmeister series 
for alkyl carboxylates, alkyl sulfonates and alkyl sulfates and determined alkyl 
carboxylates to be the best hydrated surfactants of the series while not much 
difference was found between alkyl sulfonates and alkyl sulfates. However, 
Yan et al.17 later observed that due to a difference in hydration structure, alkyl 
sulfonates have a higher energy barrier for ion-pairing than alkyl sulfates 
and that alkyl sulfates therefore bind more easily to inorganic cations. Chen 
et al.55 found similar differences in ion-pairing capacity and observed alkyl 
sulfates to have stronger intermolecular interactions with cationic surfactants 
than alkyl sulfonates and related this to the difference in charge-density 
and hydration structure around the anionic surfactants.55 This is in line with 
results from the current study where a higher kAX value, and thus a higher ion-
exchange capacity, is observed for CxSO4

- than for CxSO3
-. The head group of 

the perfluoroalkyl surfactants is affected by the perfluoroalkyl chain through 
its electron-withdrawing effect. This lowers the charge density of the head 
group and subsequently makes the PFCxCO2

- head group less hydrated than 
that of CxCO2

-.45,52 The same goes for the PFCxSO3
- surfactants when compared 

to CxSO3
-.56 Being less hydrated than the aliphatic surfactants with the same 

head group structure, these perfluorinated surfactants can more easily 
interact with the anion-exchange site on the WAX stationary phase. For the 
alkyl benzene sulfonates, the log kAX value is relatively high in comparison to 
alkyl sulfonates. This is possibly related to the benzene ring that contributes 
to the retention due to the hydrophobicity of the aromatic ring, but cation-p 
interaction between the benzene ring and the tertiary amine group on the 
stationary phase may also positively affect retention.57 To summarize, the 
degree of hydration of the surfactants may explain the difference in log kAX 
between surfactant groups in Table 4.2. 
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Table 4.2. Headgroup structure of the surfactants used in the present study and 

measured log kAX and log kHILIC parameters for electrostatic and hydrophilic interactions. 

Compound name Headgroup 
structure

log kAX log kHILIC

Alkyl carboxylates CO2
- 0.784 0.400

Alkyl sulfonates SO3
- 1.082 0.461

Alkyl benzene sulfonates BzSO3
- 2.932 0.149

Alkyl sulfates SO4
- 1.713 -0.179

Perfluoroalkyl carboxylates (PF)CO2
- 2.550 -0.091

Perfluoroalkyl sulfonates (PF)SO3
- 2.618 -0.642

Alcohol ethoxylates EO4 n.a. 0.137

EO5 n.a. 0.272

EO6 n.a. 0.431

EO7 n.a. 0.564

EO8 n.a. 0.620

n.a. = not analyzed

Retention of nonionic and anionic surfactants on the mixed-
mode HILIC column 

The alkyl chain–diol combination of the HILIC column coating (see section 
Stationary Phases) results in the mixed-mode properties which are useful 
in the separation of hydrophobic compounds with different polarity. The 
hydrated diol groups on the HILIC column produce an immobilized layer 
of water at the surface of the HILIC column which is expected to promote 
retention through hydrophilic (polar and/ or hydrogen-bonding) interactions 
with the surfactant molecule.58 This retention mechanism is most present in 
a high organic modifier environment where water is mostly present in the 
immobile water layer (usually between 70-98% acetonitrile).59 At lower organic 
modifier concentrations, water will start to mix with acetonitrile and there is 
no incentive for the analyte to interact with the immobile water layer. Here, the 
hydrophobic alkyl chain on the stationary phase promotes retention through 
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hydrophobic interaction with the carbon “tail” of the surfactant. In this way, 
the overall retention mechanism consists of a hydrophobic and a hydrophilic 
component. 

Logarithmic retention factors (log k’) of seven surfactant groups were 
measured with the mixed-mode HILIC column. The two retention mechanisms 
are reflected in Figure 4.2A which shows that retention factors (log k’) 
of surfactants decrease with increasing acetonitrile percentage due to a 
decrease in hydrophobic interaction. A minimum in log k’ is reached at 70-80 
% acetonitrile whereafter the retention increases again due to the hydrophilic 
interaction between the surfactants and the immobile water layer. 

When focusing on the hydrophobic component of the retention mechanism 
in the mixed-mode HILIC column (i.e., retention measured at acetonitrile 
percentages below 70%), the nonionic alcohol ethoxylate C13EO8, which is 
more hydrophobic compared to anionic surfactants,10 showed higher log k’ 

Figure 4.2: A) Plot of logarithmic retention factors obtained with the mixed-mode HILIC 

column (10 mM ammonium acetate; pH 6.8) for one nonionic and six anionic surfactants 

with different head group structures versus percentage of acetonitrile in the mobile 

phase. The arrows indicate at which percentage range of acetonitrile in the mobile 

phase the hydrophobic or hydrophilic component dominates the retention mechanism. 

B) Logarithmic retention factors versus percentage of acetonitrile in the mobile phase 

for four alkyl carboxylates in the range that was used to determine kHILIC. All shown 

values are mean values of triplicates, variation in retention time between triplicates did 

not exceed 0.01 min.
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values compared to anionic surfactants of the same alkyl chain length (Figure 
4.2A). For the anionic surfactants with different head groups and nearly equal 
chain length, except for PFC8SO3

-, the order of elution was (starting with lowest 
log k’ values): C13SO4

- ≈ C13SO3
- ≈ PFC8SO3

- < PFC12CO2
- < C13BzSO3

- < C13CO2
-. 

Perfluoroalkyl sulfonates longer than C8, and perfluoroalkyl carboxylates 
longer than C12 were not measured. This order of elution differs from 
expectations when retention would solely be a result of the hydrophobicity 
of these surfactants. Based on their expected hydrophobicity from Hammer 
et al.,10 perfluoroalkyl carboxylates should be most retained, followed by 
alkyl benzene sulfonates and alcohol ethoxylates and then the other anionic 
surfactants: alkyl carboxylates, alkyl sulfonates, and alkyl sulfates. This means 
that retention at low acetonitrile percentages on the mixed-mode HILIC 
column is likely influenced by another mechanism besides hydrophobicity. An 
overview of all surfactants measured with the mixed-mode HILIC column is 
shown in Figure S4.2 in the Supporting Information.

Silica-based stationary phases generally contain deprotonated residual silanol 
groups which have a negative charge at pH 7 and can contribute to retention 
through electrostatic interactions.10,39,60 In the case of anionic surfactants, this 
results in electrostatic repulsion of anionic species. While the anionic surfactants 
in this study are usually fully ionized at pH 7, the addition of acetonitrile to the 
aqueous mobile phase lowers the dielectric constant of the mobile phase and 
this can result in an increase of the pKa value of injected compounds (~0.3 log 
unit increase in pKa value per 10% increase in acetonitrile).61–64 With their pKa 
value now closer to the mobile phase pH, the effect of the ionized/ nonionized 
fractions is more present. The elution order of surfactants at modifier 
strengths below 70% acetonitrile now makes more sense as alkyl carboxylates 
have a much higher pKa and log k’ value than the perfluoroalkyl carboxylates. 
The underlying effect of the repulsive electrostatic interactions of silanol 
groups is even more present at 60-80% acetonitrile, where hydrophobic and 
hydrophilic interactions are at a minimum (Figure 4.2A). Here all the anionic 
surfactants elute roughly according to their pKa value (Figure S4.3, Supporting 
Information). When the mobile phase acidity is lowered from pH of ~6.8 
(resulting from the 10 mM ammonium acetate in the mobile phase65) to pH 
~3.5 by replacing ammonium acetate with 10 mM of acetic acid, values of 
log k’ for PFC11CO2

- are at all acetonitrile percentages 0.4 – 1.0 log unit higher 
than log k’ values at pH 6.8 (Figure S4.4A, Supporting Information). We expect 
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PFC11CO2
- to still be fully ionized at pH ~3.5 and this implies that the overall 

increase in log k’ is probably an effect of the silanol groups that are now neutral 
as their pKa value is around ~4.5.39,40 The electrostatic repulsion from silanol 
groups is then reduced. The alkyl carboxylates have a much higher pKa value 
than perfluoroalkyl carboxylates and are completely protonated at a mobile 
phase pH of 3.5. At this pH, they are not affected by electrostatic repulsion 
and log k’ values in the hydrophobic component range are, as expected, more 
than 2 times higher than at pH 6.8 (Figure S4.4B, Supporting Information). 
However, at pH 3.5, the contribution of the hydrophilic component to the 
retention of alkyl carboxylates seems to decrease and their lowest log k’ values 
are subsequently found in the high acetonitrile percentage range (log k’ = 0.17 
at pH 3.5 versus 1.0 at pH 6.8 in 98% acetonitrile). At first, it looks like an effect 
of the CxCO2

- becoming protonated which may affect its interaction with the 
immobile water layer. However, the same trend is observed for the nonionic 
C12EO8 which also shows reduced log k’ values at pH 3.5 and high acetonitrile 
percentages (Figure S4.4C, Supporting Information) which suggests that it is 
likely an effect of a change in the immobile water layer on the HILIC stationary 
phase. A more likely explanation might therefore be found in the silanol 
groups that are neutral at pH values below ~4.5, which makes the stationary 
phase less polar and may reduce the ability of the mixed-mode HILIC material 
to retain a layer of water. 

The addition of salts to the mobile phase can also affect the retention of analytes 
on the HILIC column through a salting-out effect or by suppressing electrostatic 
charges.11,66 While the 10 mM ammonium acetate concentration used in the 
current study is probably not high enough to induce a salting-out effect it can 
reduce the effect of electrostatic interactions by suppressing charges on the 
stationary phase. This results in increased retention as electrostatic repulsion 
from the negatively charged silanol groups becomes less prominent. This 
effect may explain why log k’ values for C11SO3

-, C11SO4
-, C10BzSO3

- and PFC10CO2
- 

decrease when the concentration of ammonium acetate is reduced to 5 mM 
(Figure S4.5, Supporting Information). Contrastingly, for C11CO2

- an increase in 
log k’ value is observed when reducing the ammonium acetate concentration 
(Figure S4.5, Supporting Information). An explanation might be found in their 
relatively high pKa value compared to the other anionic surfactants (Table 
4.1). According to Gilli et al.,67 the strength of hydrogen-bonding between 
two groups is stronger between compounds with small ∆pKa. The pKa value 
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of CxCO2
- is close to the pKa value of acetate (pKa = 4.76),68 and may cause a 

preference for hydrogen-bonding between acetate and alkyl carboxylates 
over hydrogen bonding between water and alkyl carboxylates which results in 
less interaction between alkyl carboxylates and the immobile water layer. The 
remainder of the anionic surfactants in this study have very low pKa values and 
are therefore not affected by this mechanism. However, it is difficult to deduce 
the exact mechanism from retention data obtained at only two concentrations 
of ammonium acetate and further research is needed to explain the effect of 
varying ammonium acetate concentrations on the retention of CxCO2

-.

Hydrophilic interactions of anionic surfactants on the mixed-
mode HILIC column. 

Hydrophilic interactions between surfactants and the immobile water layer 
on the HILIC column are most prominent between 90 and 97% acetonitrile, 
see Figure 4.2A. From the seven surfactants groups that were tested, three 
(PFCxCO2

-, PFCxSO3
- and CxSO4

-) showed no increase in log k’ in this range and 
one of these compounds (PFC8SO3

-) even showed an extreme decrease in 
log k’ (Figures 4.2A and S4.2). Comparable trends were observed by Ibrahim 
et al.19 while measuring retention of inorganic kosmotropic and chaotropic 
anions on a HILIC column. They concluded that poorly hydrated chaotropic 
anions partition predominantly into the organic phase because partitioning 
into the immobilized water layer works better for well hydrated anions. The 
more hydrated kosmotropic inorganic anions have a greater tendency to 
partition into the immobilized water layer which results in increased retention. 
In section Quantification of the electrostatic property of anionic surfactants we 
discussed the hydration of anionic surfactants based on literature sources and 
their log kAX values from the current study and concluded that hydration of the 
surfactants can be ranked (from poor to well hydrated): PFCxSO3

- ≈ PFCxCO2
- 

< CxSO4
- < CxSO3

- < CxCO2
-. The less hydrated PFCxSO3

-, PFCxCO2
- and CxSO4

- 
surfactant groups are barely retained above 80% acetonitrile in the HILIC 
column, while CxSO3

- and CxCO2
- are well retained. These trends are akin to the 

results presented in Ibrahim’s paper19 confirming the relationship between 
retention and hydration of the analytes on the HILIC column. While the degree 
of hydration of a compound affects the interaction of the analyte with the 
immobile water layer in the HILIC column, it also determines the effect of 
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electrostatic repulsion. This was earlier discussed in section Quantification of 
the electrostatic property of anionic surfactants where we concluded that less 
hydrated compounds are most susceptible to electrostatic effects (see the 
decrease in log k’ for PFCxSO3

- with increasing solvent concentrations above 
90% acetonitrile, Figure 4.2A). 

Quantification of the hydrophilic property of the nonionic and 
anionic surfactants

Retention factors that result from the retention on the HILIC column were used 
in an attempt to quantify the hydrophilic property of the surfactants for the 
purpose of future development of predictive models for surfactants behavior. 
When quantifying the hydrophilic property of the surfactants, focusing on the 
relative change in log k’ (∆log k’) in the hydrophilic component range between 
90 and 97 % acetonitrile is probably a better expression than comparing 
the highest log k’ value between surfactants (see C13SO3

- vs C13CO2
-in Figure 

4.2A). The increase in log k’ value (∆log k’) in this range was therefore used 
to quantify the hydrophilic interactions with the mixed-mode HILIC column. 
Because ∆log k’ values are not dependent on alkyl chain length (Figure 
4.2B) and are comparable for most surfactants within a surfactant group 
except for perfluoroalkyl sulfonates (Figure 4.3A), the hydrophilic property 
was determined by the average ∆log k’ value per surfactant group which is 
subsequently expressed as log kHILIC. Values of log kHILIC for each surfactant group 
can be found in Table 4.2. While the resulting values of log kHILIC are arbitrary, 
we believe this is the most accurate approach in quantifying hydrophilic 
interactions with the mixed-mode HILIC stationary phase because it negates 
the influence of some background interactions that can influence retention. 

Within the nonionic alcohol ethoxylates (CxEOy) surfactant group, a series of 
surfactants with alkyl chain lengths of C12, C13, C14 and C16, and 4 to 8 units 
of ethoxylate moieties, were tested on the mixed-mode HILIC column. Alkyl 
chain length was found to barely affect log kHILIC values while the addition of an 
ethoxylate (EO) group to the surfactant structure increased log kHILIC with ~0.12 
log units (Figure 4.3B). This is expected as the EO unit contains an oxygen atom 
that is able to act as a hydrogen bond acceptor and is well hydrated.69 Each 
addition of an EO unit will therefore further contribute to the hydrophilic 
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interactions of the surfactant with the stationary phase (Table 4.2). However, 
while the overall value of log kHILIC does increase, the increase in log kHILIC per 
EO unit decreases with increasing number of EO units (C12EOy in Figure 4.3B). 

CONCLUSION

Anionic surfactants that are more chaotropic, such as PFCxCO2
-, show increased 

retention on the mixed-mode WAX column compared with kosmotropic 
anionic surfactants such as CxCO2

-. This is probably an effect of the amount 
of water molecules in the hydration shell around the charged head group 
structure which can make it difficult for the surfactant to interact with the ion-
exchange site. The opposite trend is observed for the hydrophilic retention 
of anionic surfactants on the mixed-mode HILIC column where CxCO2

- and 
CxSO3

- are well retained whereas PFCxCO2
- and PFCxSO3

- barely show retention. 
Retention on both columns is possibly driven by the hydration of the anionic 
surfactant head group which is directly related to the physico-chemical 
properties of the surfactants. 

Retention factors from both columns were used to quantify the hydrophilic 
and electrostatic properties of the surfactant head group which resulted in 
the parameters log kHILIC and log kAX, respectively. The resulting values of these 
parameters show that surfactant groups with a high log kHILIC value usually 
have a low kAX value, and vice versa. This again implies that the retention 

Figure 4.3: Plots of ∆log kHILIC values for each surfactant versus alkyl chain length (#C) 

for A) anionic and B) nonionic surfactants. The ∆log kHILIC values express the decrease of 

increase in log k’ between 90 and 97% acetonitrile in the mobile phase.
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on both columns is probably a result of similar physico-chemical properties 
of the surfactant head groups. However, because of the very low retention 
of PFCxCO2

-, PFCXSO3
- and CxSO4

- on the HILIC column, we feel that log kAX 
is a better representation of the physico-chemical properties of the head 
group that result in the hydrophilic and electrostatic interactions of anionic 
surfactants than log kHILIC. On the other hand, the hydrophilic properties of 
the nonionic surfactants CxEOy are well defined using the mixed-mode HILIC 
column and are best represented by their log kHILIC values. 

The chromatographic method used here may be transferred to other similar 
stationary phases as well considering that determined retention factors results 
into hydrophilic and electrostatic properties on a relative scale. The approach 
as described in this paper, opens new possibilities in the development of 
predictive models for ionic and surface active chemicals. This is an area with 
great interest, because until now the focus in this area is mainly on neutral 
compounds. Before going into applications, the insight into the retention of 
these more complex structures (the surfactants), as presented in this study, is 
needed. In a previously published paper, parameter values for the hydrophobic 
property of surfactants were presented (log k’0).10 A logical next step is to use 
these three experimentally derived parameters as descriptors for molecular 
properties in the development of future QSAR models of surfactants. 

Acknowledgements 

The present study was supported by the Dutch Technology Foundation TTW, 
which is part of The Netherlands Organization for Scientific Research and is 
partly funded by the Ministry of Economic Affairs. Additional funding was 
received from Deltares (Utrecht, The Netherlands) and Environmental Risk 
Assessment and Management, which is a partnership of European detergent 
and surfactant producers. We would like to thank Bob Pirok, Wim Kok and Peter 
Schoenmakers from the University of Amsterdam, and Joseph Pignatello from 
The Connecticut Agricultural Experiment Station for some fruitful discussions 
that helped shaping this paper. 



138

REFERENCES
(1)  Petrovic, M.; Fernández-Alba, A. R.; Borrull, F.; Marce, R. M.; Mazo, E. G.; Barceló, D. Oc-

currence and distribution of nonionic surfactants, their degradation products, and lin-
ear alkylbenzene sulfonates in coastal waters and sediments in Spain. Environ. Toxicol. 
Chem. 2002, 21 (1), 37–46.

(2)  Sáez, M.; de Voogt, P.; González-Maoz, E. Bioconcentration. In Analysis and Fate of Sur-
factants in the Aquatic Environment; Knepper, T., Barceló, D., de Voogt, P., Eds.; Elsevier 
Science, 2003; pp 869–886.

(3)  Stahl, T.; Mattern, D.; Brunn, H. Toxicology of perfluorinated compounds. Environ. Sci. 
Eur. 2011, 23 (1), 23–38.

(4)  Blasco, J.; Hampel, M.; Moreno-Garrido, I. Toxicity of surfactants for aquatic life. In Anal-
ysis and Fate of Surfactants in the Aquatic Environment; Knepper, T., Barceló, D., de Voogt, 
P., Eds.; Elsevier Science, 2003; pp 827–867.

(5)  Sáez, M.; de Voogt, P.; Parsons, J. R. Persistence of perfluoroalkylated substances in 
closed bottle tests with municipal sewage sludge. Environ. Sci. Pollut. Res. 2008, 15 (6), 
472–477.

(6)  Hekster, F. M.; Laane, R. W. P. M.; de Voogt, P. Environmental and toxicity effects of per-
fluoroalkylated substances. Rev. Environ. Contam. Toxicol. 2003, 179, 99–121.

(7)  Conder, J. M.; Hoke, R. A.; Wolf, W. de; Russell, M. H.; Buck, R. C. Are PFCAs bioaccumula-
tive? A critical review and comparison with regulatory criteria and persistent lipophilic 
compounds. Environ. Sci. Technol. 2008, 42 (4), 995–1003.

(8)  Place, B. J.; Field, J. A. Identification of novel fluorochemicals in aqueous film-forming 
foams used by the US military. Environ. Sci. Technol. 2012, 46 (13), 7120–7127.

(9)  Goss, K.-U.; Schwarzenbach, R. P. Rules of thumb for assessing equilibrium partitioning 
of organic compounds: Successes and pitfalls. J. Chem. Educ. 2003, 80 (4), 450–455.

(10)  Hammer, J.; Haftka, J. J.-H.; Scherpenisse, P.; Hermens, J. L. M.; de Voogt, P. Frag-
ment-based approach to calculate hydrophobicity of anionic and nonionic surfactants 
derived from chromatographic retention on a C18 stationary phase. Environ. Toxicol. 
Chem. 2017, 36 (2), 329–336.

(11)  Schwarzenbach, R. P.; Gschwend, P. M.; Imboden, D. M. Environmental Organic Chemis-
try, 3rd ed.; Wiley, John & Sons, Incorporated: Hoboken, NJ, USA, 2017.

(12)  Haftka, J. J.-H.; Hammer, J.; Hermens, J. L. M. Mechanisms of neutral and anionic surfac-
tant sorption to solid-phase microextraction fibers. Environ. Sci. Technol. 2015, 49 (18), 
11053–11061.

(13)  Liu, Z. H.; Fan, C. C.; Zhang, T. T.; Ji, X. J.; Chen, S. H.; Sun, S. Q.; Hu, S. Q. Density functional 
theory study of the interaction between sodium dodecylbenzenesulfonate and miner-
al cations. Acta Phys. - Chim. Sin. 2016, 32 (2), 445–452.

(14)  Hühnerfuss, H. Hydrophobic and hydrophilic hydration effects determined by surface 
potential measurements. J. Colloid Interface Sci. 1989, 128 (1), 237–244.

(15)  Okur, H. I.; Hladílková, J.; Rembert, K. B.; Cho, Y.; Heyda, J.; Dzubiella, J.; Cremer, P. S.; 
Jungwirth, P. Beyond the Hofmeister Series: Ion-specific effects on proteins and their 
biological functions. Journal of Physical Chemistry B. 2017, pp 1997–2014.

(16)  Chaplin, M. Hydrophobic Hydration http://www1.lsbu.ac.uk/water/hydrophobic_hy-
dration.html (accessed Jan 1, 2018).



139

Chapter 4

(17)  Yan, H.; Yuan, S.-L.; Xu, G.-Y.; Liu, C.-B. Effect of Ca2+ and Mg2+ ions on surfactant solu-
tions investigated by molecular dynamics simulation. Langmuir 2010, 26 (13), 10448–
10459.

(18)  Karatapanis, A. E.; Fiamegos, Y. C.; Stalikas, C. D. A revisit to the retention mechanism 
of hydrophilic interaction liquid chromatography using model organic compounds. J. 
Chromatogr. A 2011, 1218 (20), 2871–2879.

(19)  Ibrahim, M. E. A.; Lucy, C. A. Mixed mode HILIC/anion exchange separations on latex 
coated silica monoliths. Talanta 2012, 100, 313–319.

(20)  Jandera, P.; Janás, P. Recent advances in stationary phases and understanding of reten-
tion in hydrophilic interaction chromatography. A review. Anal. Chim. Acta 2017, 967, 
12–32.

(21)  Endo, S.; Goss, K.-U. Applications of polyparameter linear free energy relationships in 
environmental chemistry. Environ. Sci. Technol. 2014, 48 (21), 12477–12491.

(22)  Goss, K.-U.; Schwarzenbach, R. P. Linear free energy relationships used to evaluate equi-
librium partitioning of organic compounds. Environ. Sci. Technol. 2001, 35 (1), 1–9.

(23)  Cronin, M. T. D.; Walker, J. D.; Jaworska, J. S.; Comber, M. H. I.; Watts, C. D.; Worth, A. P. Use 
of QSARs in international decision-making frameworks to predict ecologic effects and 
environmental fate of chemical substances. Environ. Health Perspect. 2003, 111 (10), 
1391–1401.

(24)  Sabljic, A.; Nakagawa, Y. Sorption and quantitative structure-activity relationship 
(QSAR). In Non-first order degradation and time-dependent sorption of organic chemicals 
in soil; American Chemical Society, 2014; Vol. 1174, pp 85–118.

(25)  Haefliger, O. P. Universal two-dimensional HPLC technique for the chemical analysis of 
complex surfactant mixtures. Anal. Chem. 2003, 75 (3), 371–378.

(26)  Abrar, S.; Trathnigg, B. Separation of nonionic surfactants according to functionality by 
hydrophilic interaction chromatography and comprehensive two-dimensional liquid 
chromatography. J. Chromatogr. A 2010, 1217 (52), 8222–8229.

(27)  Zhang, K.; Liu, X. Mixed-mode chromatography in pharmaceutical and biopharmaceu-
tical applications. J. Pharm. Biomed. Anal. 2016, 128, 73–88.

(28)  Liu, X.; Pohl, C. New hydrophilic interaction/reversed-phase mixed-mode stationary 
phase and its application for analysis of nonionic ethoxylated surfactants. J. Chromato-
gr. A 2008, 1191 (1), 83–89.

(29)  Tolls, J. Bioconcentration of Surfactants, PhD Thesis. Utrecht University, Utrecht, The 
Netherlands, 1998.

(30)  Tolls, J.; Haller, M.; Sijm, D. T. H. M. Extraction and isolation of linear alcohol ethoxylates 
from fish. J. Chromatogr. A 1999, 839 (1–2), 109–117.

(31)  Haynes, W. M. CRC Handbook of Chemistry and Physics, 96th ed.; CRC Press/ Taylor and 
Francis: Florida, USA, 2015.

(32)  COSMOlogic GmbH. COSMOtherm. COSMOlogic: Leverkusen, Germany 2015, pp 1–77.
(33)  Goss, K.-U. The pKa values of PFOA and other highly fluorinated carboxylic acids. Envi-

ron. Sci. Technol. 2008, 42 (2), 456–458.
(34)  Brooke, D.; Footitt, A.; Nwaogu, T.; Britain, G. Environmental risk evaluation report: Per-

fluorooctanesulphonate (PFOS). Norfolk 2004, p 96.
(35)  Burns, D. C.; Ellis, D. A.; Li, H.; McMurdo, C. J.; Webster, E. Experimental pKa determina-

tion for perfluorooctanoic acid (PFOA) and the potential impact of pKa concentration 
dependence on laboratory-measured partitioning phenomena and environmental 
modeling. Environ. Sci. Technol. 2008, 42 (24), 9283–9288.



140

(36)  Rayne, S.; Forest, K.; Friesen, K. J. Computational approaches may underestimate pK a 
values of longer-chain perfluorinated carboxylic acids: Implications for assessing envi-
ronmental and biological effects. J. Environ. Sci. Heal. Part A 2009, 44 (4), 317–326.

(37)  Liu, X.; Pohl, C. A weak anion-exchange/reversed-phase mixed-mode HPLC column 
and its applications. Am. Lab. 2007, 39 (22), 1–7.

(38)  Melnikov, S. M.; Höltzel, A.; Seidel-Morgenstern, A.; Tallarek, U. Evaluation of aqueous 
and nonaqueous binary solvent mixtures as mobile phase alternatives to water-ace-
tonitrile mixtures for hydrophilic interaction liquid chromatography by molecular dy-
namics simulations. J. Phys. Chem. C 2015, 119 (1), 512–523.

(39)  McCalley, D. V. Understanding and manipulating the separation in hydrophilic interac-
tion liquid chromatography. J. Chromatogr. A 2017, 1523, 49–71.

(40)  Greco, G.; Grosse, S.; Letzel, T. Study of the retention behavior in zwitterionic hydrophil-
ic interaction chromatography of isomeric hydroxy- and aminobenzoic acids. J. Chro-
matogr. A 2012, 1235, 60–67.

(41)  de Voogt, P.; Zurano, L.; Serné, P.; Haftka, J. J.-H. Experimental hydrophobicity param-
eters of perfluorinated alkylated substances from reversed-phase high-performance 
liquid chromatography. Environ. Chem. 2012, 9 (6), 564–570.

(42)  Opperhuizen, A.; Sinnige, T. L.; van der Steen, J. M. D.; Hutzinger, O. Differences between 
retentions of various classes of aromatic hydrocarbons in reversed-phase high-perfor-
mance liquid chromatography. J. Chromatogr. A 1987, 388, 51–64.

(43)  Schoenmakers, P. J.; Billiet, H. A. H.; De Galan, L. Influence of organic modifiers on the 
retention behaviour in reversed-phase liquid chromatography and its consequences 
for gradient elution. J. Chromatogr. A 1979, 185, 179–195.

(44)  Jandera, P. Correlation of retention and selectivity of separation in reversed-phase 
high-performance liquid chromatography with interaction indices and with lipophilic 
and polar structural indices. J. Chromatogr. A 1993, 656 (1–2), 437–467.

(45)  Jing, P.; Rodgers, P. J.; Amemiya, S. High lipophilicity of perfluoroalkyl carboxylate and 
sulfonate: Implications for their membrane permeability. J. Am. Chem. Soc. 2009, 131 
(6), 2290–2296.

(46)  Zygmunt, W.; Potoff, J. J. The effect of fluorination on the physical properties and the 
free energies of hydration of 1-alcohols. Fluid Phase Equilib. 2016, 407, 314–321.

(47)  Liu, X.; Pohl, C. A. HILIC behavior of a reversed-phase/cation-exchange/anion-ex-
change trimode column. J. Sep. Sci. 2010, 33 (6–7), 779–786.

(48)  Rabin, S.; Stillian, J. Practical aspects on the use of organic solvents in ion chromatogra-
phy. J. Chromatogr. A 1994, 671 (1–2), 63–71.

(49)  Collins, K. D. Ion hydration: Implications for cellular function, polyelectrolytes, and pro-
tein crystallization. Biophys. Chem. 2006, 119 (3), 271–281.

(50)  Collins, K. D. Charge density-dependent strength of hydration and biological structure. 
Biophys. J. 1997, 72 (1), 65–76.

(51)  Vlachy, N.; Jagoda-Cwiklik, B.; Vácha, R.; Touraud, D.; Jungwirth, P.; Kunz, W. Hofmeister 
series and specific interactions of charged headgroups with aqueous ions. Adv. Colloid 
Interface Sci. 2009, 146 (1–2), 42–47.

(52)  Stone, M.; Rocha, S. Da; Rossky, P. J.; Johnston, K. P. Molecular differences between hy-
drocarbon and fluorocarbon Surfactants at the CO2/water interface. J. Phys. Chem. B 
2003, 107, 10185–10192.



141

Chapter 4

(53)  Li, X.; Zhang, G.; Dong, J.; Zhou, X.; Yan, X.; Luo, M. Estimation of critical micelle concen-
tration of anionic surfactants with QSPR approach. J. Mol. Struct. THEOCHEM 2004, 710 
(1–3), 119–126.

(54)  Shelley, J.; Watanabe, K.; Klein, M. L. Simulation of sodium octanoate micelles in aque-
ous solution. Electrochim. Acta 1991, 36 (11–12), 1723–1727.

(55)  Chen, L.; Xiao, J. X.; Ma, J. Striking differences between alkl sulfate and alkyl sulfonate 
when mixed with cationic surfactants. Colloid Polym. Sci. 2004, 282 (5), 524–529.

(56)  Garada, M. B.; Kabagambe, B.; Kim, Y.; Amemiya, S. Ion-transfer voltammetry of perflu-
oroalkanesulfonates and perfluoroalkanecarboxylates: Picomolar detection limit and 
high lipophilicity. Anal. Chem. 2014, 86 (22), 11230–11237.

(57)  Mahadevi, A. S.; Sastry, G. N. Cation−π interaction: Its role and relevance in chemistry, 
biology, and material science. Chem. Rev. 2013, 113 (3), 2100–2138.

(58)  Alpert, A. J. Hydrophilic-interaction chromatography for the separation of peptides, 
nucleic acids and other polar compounds. J. Chromatogr. A 1990, 499, 177–196.

(59)  Wikberg, E.; Sparrman, T.; Viklund, C.; Jonsson, T.; Irgum, K. A 2H nuclear magnetic res-
onance study of the state of water in neat silica and zwitterionic stationary phases 
and its influence on the chromatographic retention characteristics in hydrophilic in-
teraction high-performance liquid chromatography. J. Chromatogr. A 2011, 1218 (38), 
6630–6638.

(60)  Greco, G.; Letzel, T. Main interactions and influences of the chromatographic parame-
ters in HILIC separations. J. Chromatogr. Sci. 2013, 51 (7), 684–693.

(61)  Valko, K.; Du, C.; Bevan, C.; Reynolds, D.; Abraham, M. Rapid method for the estimation 
of octanol / water partition coefficient (log Poct) from gradient RP-HPLC retention and a 
hydrogen-bond acidity term (Sa2H). Curr. Med. Chem. 2001, 8 (9), 1137–1146.

(62)  Connors, K. A. Thermodynamics of Pharmaceutical Systems: An Introduction for Students 
of Pharmacy; Hoboken, NJ, USA, 2003.

(63)  Kazakevich, Y. V.; LoBrutto, R. HPLC for pharmaceutical scientists; Kazakevich, Y. V., Lo-
Brutto, R., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2007.

(64)  Subirats, X.; Rosés, M.; Bosch, E. On the effect of organic solvent composition on the 
pH of buffered HPLC mobile phases and the pKa of analytes—A review. Sep. Purif. Rev. 
2007, 36 (3), 231–255.

(65)  Bui, N. T. H.; Verhage, J. J.; Irgum, K. Tris(hydroxymethyl)aminomethane-functionalized 
silica particles and their application for hydrophilic interaction chromatography. J. Sep. 
Sci. 2010, 33 (19), 2965–2976.

(66)  Alpert, A. J. Effect of salts on retention in hydrophilic interaction chromatography. J. 
Chromatogr. A 2018, 1538, 45-53.

(67)  Gilli, P.; Pretto, L.; Bertolasi, V.; Gilli, G. Predicting hydrogen-bond strengths from acid−
base molecular properties. The pKa slide rule: Toward the solution of a long-lasting 
problem. Acc. Chem. Res. 2009, 42 (1), 33–44.

(68)  Perrin, D. D.; Dempsey, B.; Serjeant, E. P. pKa Prediction for Organic Acids and Bases; 
Springer Netherlands: Dordrecht, 1981.

(69)  Schott, H. Hydration of micellar nonionic detergents. J. Colloid Interface Sci. 1967, 24 
(2), 193–198.



142

SUPPORTING INFORMATION

Figure S4.1: Linear relationships between the logarithmic retention factors (log k’) 

and the methanol fraction (ϕ) in the mobile phase of the mixed-mode WAX column 

for A. alkyl benzene sulfonates (Cx-y-BzSO3
-), B. alkyl sulfates (CxSO4

-), C. alkyl sulfonates 

(CxSO3
-), D. alkyl carboxylates (CxCO2

-), E. perfluoroalkyl carboxylates (PFCxCO2
-) and F. 

perfluoroalkyl sulfonates (PFCxSO3
-). All shown values are mean values of triplicates, 

variation in retention time between triplicates did not exceed 0.01 min.
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Figure S4.2: Plot of logarithmic retention factors obtained with the mixed-mode HILIC 

column as a function of the organic modifier strength for A. alkyl benzene sulfonates 

(Cx-1-BzSO3
-), B. alkyl carboxylates (CxCO2

-), C. alkyl sulfonates (CxSO3
-), D. alkyl sulfates 

(CxSO4
-), E. perfluoroalkyl carboxylates (PFCxCO2

-), F. perfluoroalkyl sulfonates (PFCxSO3
-), 

and G. alcohol ethoxylates (CxEOy). All shown values are mean values of triplicates, 

variation in retention time between triplicates did not exceed 0.01 min.
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Figure S4.3: Relationship between logarithmic retention factors obtained with the 

mixed-mode HILIC column at a mobile phase of 70% acetonitrile (10 mM ammonium 

acetate; pH 6.8) and pKa values of anionic surfactants. All shown values are mean values 

of triplicates, variation in retention time between triplicates did not exceed 0.01 min.
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Figure S4.4: Plot of logarithmic retention factors of A) PFC11CO2
-, B) C11CO2

-, and C) 

C12EO8 obtained with the mixed-mode HILIC column at different pH values versus 

acetonitrile percentage of the mobile phase. All shown values are mean values of 

triplicates, variation in retention time between triplicates did not exceed 0.01 min.
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Figure S4.5. The influence of ammonium acetate on log k’ of anionic surfactants on the 

mixed-mode HILIC column at different acetonitrile concentrations. The solid symbols 

represent measurements at 5 mM ammonium acetate, and the open symbols were 

measured at 10 mM ammonium acetate. All shown values are mean values of triplicates, 

variation in retention time between triplicates did not exceed 0.01 min.
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ABSTRACT

In order to develop models that can predict the environmental behavior and 
effects of chemicals, reliable experimental data are needed. However, for 
anionic surfactants the number of ecotoxicity studies is still limited. The present 
study therefore aimed to determine the aquatic ecotoxicity of three classes of 
anionic surfactants. To this purpose we subjected daphnids (Daphnia magna) 
for 48h to alkyl carboxylates (CxCO2

-), alkyl sulfonates (CxSO3
-), and alkyl sulfates 

(CxSO4
-) with different carbon chain lengths (x). However, all surfactants with 

x>11 showed less than 50 % immobility at water solubility. Hence, EC50 values 
for only few surfactants could be gathered: C9CO2

- (16 mg/L), C11CO2
- (0.8 mg/L) 

and C11SO4
- (13.5 mg/L). Data from these compounds showed an increase in 

ecotoxicity with a factor 4.5 per addition of a hydrocarbon unit to the alkyl 
chain, and a factor 20 when replacing the sulfate head group by a carboxylate 
head group. Unfortunately, we could not test carboxylates with a broader 
variety of chain lengths because solubility limited the range of chain length 
that can be tested.

INTRODUCTION

Numerous new organic chemicals are produced yearly for application in 
industry and consumer products.1 For environmental risk assessment of new 
and existing chemicals, an understanding of their environmental behavior 
and effects is required, but for anionic surfactants the number of ecotoxicity 
studies is still limited. For the development of predictive models such as 
quantitative structure-activity relationships (QSARs) for surfactants, more 
experimental data for these group of compounds are therefore needed. 
Although some toxicity tests on surfactants have been performed thus far,2–10 
the data is still too limited to compare the effect between different surfactant 
groups (i.e., surfactants with different head group structures), certainly for 
anionic surfactants. In this study, we therefore focused on generating aquatic 
ecotoxicity data for anionic surfactants from three different surfactant groups.

Anionic surfactants are high production volume chemicals which are present 
in many consumer products and consequently also in the environment.1,11 
Their amphiphilic and electrostatic properties make them very efficient 
compounds for the detergent industry. At the same time, these properties 
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result in a very different environmental behavior compared to e.g. neutral 
organic compounds.12,13 Unlike for common neutral organic pollutants, their 
accumulation and potential effects can therefore not always be correlated 
with predicted octanol-water partition constants (log KOW).14 

The ecotoxicity of organic compounds (quantified by the concentration 
causing a 50 % effect; EC50 value) is usually determined in standardized 
Daphnia magna acute ecotoxicity tests according to OECD guideline 202.15 
For some surfactants within a specific surfactant group (i.e., homologues 
sharing the same head group), toxicity is observed to increase with increasing 
alkyl chain length due to increased hydrophobicity.16–18 At the same time, 
hydrophobicity affects the bioavailability of surfactants by decreasing the 
solubility, but also by increasing sorption to other phases.19 Bioavailability of 
anionic surfactants is also influenced by the electrostatic characteristics of the 
head group, which can result in ion-pairing with divalent inorganic cations 
(e.g., Ca2+ or Mg2+).20,21 The standard medium in the D. magna toxicity test15 
contains a relatively high total ionic strength that includes divalent cations 
and solubility problems can therefore be expected for some surfactants. 
The determination of EC50 values for (ionic) compounds with a low solubility 
using OECD guideline 202 can therefore be challenging. However, since 
experimental data for anionic surfactants is still much needed, the aim of the 
present study was to employ the standardized D. magna ecotoxicity test to 
determine the aquatic ecotoxicity of three classes of anionic surfactants: alkyl 
carboxylates, alkyl sulfonates, and alkyl sulfates. 

MATERIALS AND METHODS

All test compounds had a typical surfactant structure containing a hydrophobic 
alkyl chain and a hydrophilic ionized head group. Sodium salts of linear alkyl 
sulfates (CxSO4

-; with alkyl chain lengths C11, C13, C15 and C16) and linear alkyl 
sulfonates (CxSO3

-; C11, C13, C14 and C15) were obtained from Research Plus (South 
Plainfield, NJ). Sodium salts of linear alkyl carboxylates (CxCO2

-; C9, C11, C13, C14, 
and C15) were obtained from Sigma-Aldrich, (Zwijndrecht, The Netherlands). 
All organic compounds had purities higher than 98%. Ammonium acetate 
was purchased from Sigma-Aldrich. Methanol was obtained from Biosolve 
(Valkenswaard, The Netherlands). Ultrapure water was obtained from a 
Millipore water purification system (resistivity >18 MΩ/cm).  
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The daphnid Daphnia magna Straus was selected as test organism to 
determine the aquatic ecotoxicity of surfactants. Juvenile daphnids (clone 4) 
aged <24h were obtained from adults between 2 and 3 weeks old. Continuous 
cultures were maintained in Elendt M4 medium and fed with the alga Chlorella 
vulgaris. At regular intervals (about every three months), acute toxicity tests 
were performed with the reference toxicant K2Cr2O7 to check whether the 
sensitivity of the daphnids culture was within the limits (EC50, 24 h = 0.6 – 2.1 
mg/L) as set by the guideline.15 The medium used in the toxicity experiments 
consisted of the standard OECD medium that was prepared according to OECD 
guideline 202, containing 266 mg/L CaCL2×2H2O, and 112 mg/L MgSO4×7H2O. 
Concentrations of KCl and NaHCO3 were 5 and 65 mg/L, respectively.15 The test 
media was buffered to pH 7±0.3 with NaOH (66 mg/L) and 3-(N-morpholino)
propanesulfonic acid (MOPS; 1.046 g/L). 

The D. magna were exposed to the selected compounds in 48 h immobility 
tests.15 Per experiment five test concentrations, a solvent control (0.25% 
methanol without the test compound) and a control were tested with four 
replicates per treatment. Each replicate consisted of a glass tube filled with 
20 mL of test solution, spiked with 50 μL (0.25% of total volume) methanol 
containing the test compound. The tubes were randomly distributed in 
a climate controlled fume hood (20±1 °C), with a light-dark regime of 16:8 
h. The experiment was started by introducing 5 neonates (younger than 
24 h) into each tube. After 48 h, the number of animals not responding to 
stimulation was scored. Hardness, oxygen concentration, temperature and pH 
were measured at the start and the end of the experiments and were within 
the range prescribed by OECD guideline 202.15 The concentration of the test 
compounds was analyzed by extracting a 200 μL water sample from each 
replicate at the start and the end of the experiment, an injection standard was 
added and the sample was subsequently diluted with 750 μL of methanol and 
stored in a freezer (-18 °C) until chemical analysis. 

All anionic surfactants were detected with a triple quadrupole mass 
spectrometer (MDS SCIEX API 3000 MS/MS System from Applied Biosystems, 
Bleiswijk, The Netherlands) with a Turbo Ion spray source operated at 400 °C. 
A solvent delay switch (Da Vinci, Rotterdam, The Netherlands) was used to 
prevent introduction of inorganic constituents from water samples into the 
MS. Chromatograms were integrated with Analyst 1.4.2 (Applied Biosystems). 
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Concentration–response relationships and the corresponding 48 h EC50 values 
were calculated according to Haanstra et al.22 by fitting a logistic curve (Eq. 1) 
to the percentage of mobility (100% − immobilization) versus the surfactant 
concentration in the water phase. 

       (1)

where y(x) is the mobility at concentration x (in %), a is the EC50 value (in mg 
L−1), b is the slope of the curve, c is y(0) which equals the average mobility of 
the control and x is the surfactant concentration in water (in mg/L). 

RESULTS AND DISCUSSION

A total of 14 surfactants with varying alkyl chain lengths from three surfactant 
groups (alkyl sulfates, alkyl sulfonates, and alkyl carboxylates) were tested. 
Due to their hydrophobicity and electrostatic charge, anionic surfactants with 
long alkyl chains often poorly dissolve in water containing inorganic cations. 
We therefore decided to first test the effect of saturated water solutions at 
maximum aqueous solubility (Sw) on the daphnids. To this end, we stirred an 
excess of compound for 48 h in standard OECD medium under the standard 
conditions of the D. magna toxicity tests.15 For the compounds that caused 
more than 50% immobility of the daphnids at Sw, a concentration range was 
tested in order to obtain concentration-response relationships and to derive 
EC50 values. 

We were unable to dissolve alkyl sulfonates (CxSO3
-) in the OECD medium at 

sufficiently high concentrations to cause any effect. This may have been a 
result of the presence of (divalent) cations in the aqueous phase. Cations are 
known to affect the hydration of anionic surfactants and often lowers their 
critical micelle concentration (CMC).21 Divalent cations such as Ca2+ and Mg2+ 
can furthermore form ion pairs containing two surfactant monomers and 
one divalent cation, or form bridges between monomers and charged sites 
on sorbents.25 For the alkyl carboxylates (CxCO2

-) and the alkyl sulfates (CxSO4
-

), compounds with an alkyl chain longer than C11 were badly soluble in the 
OECD medium and showed less than 50 % immobility at Sw. Hence, no further 
ecotoxicity tests were performed for these compounds. 
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Because of the solubility problems of the tested compounds in the OECD 
medium, EC50 values for only few anionic surfactants could be generated: 
C9CO2

-, C11CO2
- and C11SO4

-. Because one pair of these surfactants contains 
equal alkyl chain lengths and different surfactant head groups (C11CO2

- and 
C11SO4

-), and another pair (C9CO2
- and C11CO2

-) differs in chain length with 
equal head group, we had two single opportunities to evaluate the effect 
of head group structure and alkyl chain length on the toxicity of the anionic 
surfactants. However, note that these interpretations are based on only a single 
pair of surfactants. For C9CO2

-, C11SO4
- and C11CO2

- analyzed concentrations 
were ±10%, ±10% and ±30%, respectively, lower compared with nominal 
concentrations. During the 48h D. magna toxicity experiments, 100% control 
survival was recorded. From the dose-response curve of C11SO4

- an EC50 value 
of 13.5 mg/L was derived (95% CI: 13.2 – 13.8 mg/L) (Figure 5.1). We were 
unable to find any EC50 values of C11SO4

- in literature as most studies focused 
on C12SO4

-. Persoone et al.26 reported an EC50 value of 9.6 mg/L for C12SO4
- in a D. 

magna 24 h toxicity test and Dyer et al.27 found an EC50 value of 5.5 mg/L in a 48 
h Ceriodaphnia dubia toxicity test (comparable sensitivity to D. magna)4. Both 
values are in line with our data for C11SO4

-, as toxicity generally increases from 
24 h to 48 h exposure and an EC50 value of 5.5 mg/L is close to the expected 
EC50 concentration increase when a hydrocarbon (-CH2-) unit is added to the 
alkyl chain of C11SO4

- (see next paragraph). The dose-response curve of C11CO2
- 

provided an EC50 concentration of 0.80 mg/L (95% CI: 0.7 – 0.9 mg/L) (Figure 
5.1). Toxicity data for D. magna are scarce for C11CO2

-, a 36x higher EC50 value 
(EC50 = 29 mg/L) was reported by Lundahl and Cabridenc28 in a 24 h ecotoxicity 
test, and an EC50 value of 1.3 mg/L was reported by the European Chemical 
Agency.29 While, we were unable to acquire the exact experimental details 
of the toxicity test of Lundahl and Cabridenc,28 their analysis was performed 
using the Methylene Blue Active Substance (MBAS) essay which is meanwhile 
retracted as a standard method by ASTM. 

Comparing the dose-response curves and EC50 values for C11SO4
- and C11CO2

- 
shows that the head group has a significant effect on ecotoxicity (Figure 
5.1). The alkyl chains of both compounds are of the same length and the 
effect of hydrophobicity is subsequently similar.30 Therefore, the difference 
in EC50 values is likely a result from the different molecular properties of the 
surfactant head groups (SO4

- versus CO2
-). Besides the head group structure, 

the most notable distinction between the properties of these two surfactant 
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Figure 5.1: Effect of head group on ecotoxicity of C11SO4
- and C11CO2

- to Daphnia 

magna after 48 h of exposure. Both dose-response curves were calculated according to 

Haanstra et al.22 The EC50 concentrations are plotted with their 95% confidence intervals 

as solid black symbols (the 95% confidence interval of C11SO4
- is too small to be seen). 
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Figure 5.2: Effect of alkyl chain length on ecotoxicity of C11CO2
- and C9CO2

- on Daphnia 

magna after 48 h of exposure. Both dose-response curves were calculated according to 

Haanstra et al.22 The EC50 concentrations are plotted with their 95% confidence intervals 

as solid black symbols. 
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groups is the difference in pKa (4.8 for CxCO2
-,31 and -3.6 for CxSO4

-)32. The pKa 
value is partly a result of the charge distribution over a molecule and shows 
what fraction of the compound is in the ionic form at a certain pH. While 
these compounds are in the OECD medium both for >99% present in their 
ionic (deprotonated) form, the different charge distribution between both 
molecules still affects their behavior in the aqueous phase and their interaction 
with other phases. For example, alkyl carboxylates are much better hydrated 
than alkyl sulfates,33 which also affects their electrostatic interaction with 
sorbents.34 Furthermore, the difference in charge distribution may affect the 
uptake of the anionic surfactants in cell membranes due to their zwitterionic 
properties.35 Badly hydrated compounds are usually more affected by local 
charges and have more difficulty to partition into membranes than well 
hydrated compounds.18,36 The C11CO2

- surfactant may therefore partition more 
effectively into cell membranes of the daphnids compared to C11SO4

- which 
explains why alkyl carboxylates were approximately 20 times more toxic 
compared to their sulfated counterparts.

The effect of the alkyl chain length on surfactant toxicity was studied by 
comparing the EC50 values of C9CO2

- and C11CO2
-. The dose-response curve for 

C9CO2 showed an EC50 concentration of 16.0 mg/L (95% CI: 14.8 – 17.3 mg/L), 
see Figure 5.2. Just like for the previously discussed surfactants, literature 
data on the toxicity of C9CO2

- to D. magna is inconsistent and details about 
the experimental setup were difficult to obtain. We were able to find two 
EC50 concentrations from literature: first, again a very high EC50 concentration 
of 135 mg/L from a 24 h D. magna toxicity test by Lundahl and Cabridenc.28 
Second, a reported EC50 value of 16 mg/L, which is equal to our experimentally 
derived EC50 value and originates from a report of the European Chemical 
Agency.37 The results from Lundahl and Cabridenc are questionable (see 
previous paragraph) and both studies lack experimental details about medium 
composition and only mention the duration of the tests. Toxicity between C11 
and C9 carboxylate differed with a factor of ~23 (Figure 5.2), which is a factor of 
~4.5 per hydrocarbon unit added to the alkyl chain. This is somewhat higher 
than the increments found for other surfactant groups in previous studies 
(between 2.4 and 3.4).7,28,38 An increase in the alkyl chain length increases 
the hydrophobicity of the compound and thus increases the sorption to the 
membrane lipid.39 At longer alkyl chain lengths (>C11) the toxicity is expected 
to further increase, but this effect is not detectible using the D. magna toxicity 
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test due the low solubility of the compounds in the OECD medium. The factor 
~4.5 increase in toxicity with addition of a carbon atom to the alkyl chain is 
based on only two chemicals. This data set is limited and could be regarded as 
a shortcoming of the study. Unfortunately, we could not test more compounds 
because of the solubility problems (limits) of the longer chain carboxylates 
in the calcium rich test medium of the Daphnia test. Another test organism 
that requires another medium composition (less calcium) could avoid this 
shortcoming.

The main reason why ecotoxicity could not be detected for most of the test 
compounds probably lies in the presence of cations in the aqueous solution of 
the D. magna tests which can affect the solubility and bioavailability of anionic 
surfactants. In an attempt to generate more ecotoxicity data, we decided to 
change the composition of the original OECD medium and study the effect 
of divalent cation concentration on the ecotoxicity of C9CO2

- and C11CO2
-. To 

this end, four different media were prepared with different concentrations of 
Ca2+ and Mg2+, while maintaining original Ca2+:Mg2+ ratio.40 A concentration 
of Ca2+ of 10 mg/L was selected as the lowest concentration, because lower 
concentrations will affect D. magna survival.41 The highest concentration of 
Ca2+ tested was 80 mg/L, conform with the original OECD guideline 202. The 
resulting EC50 concentrations varied slightly, but did not differ significantly 
between medium compositions. Hence, the medium with the lowest ionic 
strength may already contain enough cations to cause precipitation of anionic 
surfactants. 

The D. magna toxicity test is a well-accepted and standardized toxicity test 
which has generated ecologically relevant toxicity data for many organic 
compounds. However, the medium proposed in the OECD guideline for D. 
magna is of high ionic strength and this can result in solubility problems for 
compounds that are already barely soluble in water and for compounds that 
maintain an electrostatic charge.42 The D. magna toxicity test appeared unable 
to produce reliable results for most of the surfactants tested in this study. For 
hazard assessment purposes of anionic surfactants, alternative approaches 
should therefore be investigated that either exclude the influence of divalent 
cations present in the test medium or endpoints should be selected that are 
affected at concentrations below the aqueous solubility of the surfactants. 
Furthermore, because anionic surfactants are known to have an affinity for 
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soil surfaces and organic matter,43 toxicity tests that include sediment living 
organisms (e.g., Lumbriculus variegatus or Chironomus riparius) may be more 
suitable for the production of toxicological endpoint data. Despite the 
obstacles that occurred with anionic surfactants during the D. magna tests, 
we were able to determine the effect of surfactant alkyl chain length and head 
group composition on the aquatic ecotoxicity of a select group of anionic 
surfactants. However, these interpretations were based on only a single pair 
of surfactants. 
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ABSTRACT

In environmental risk assessment, quantitative structure-activity relationship 
(QSAR) models are essential for the prediction of the fate and toxicity of 
organic contaminants. Parameters for common organic contaminants (i.e., 
octanol-water partition constants (KOW)) that serve well for use in QSAR models 
are technically very difficult to determine for surfactants and do not reflect 
the more complex interactions such as hydrophobicity, hydrogen-bonding 
interactions and electrostatic interactions. In this paper, new QSAR models are 
presented that use HPLC-derived interaction parameters for hydrophobicity of 
surfactants (kC18), hydrophilic interactions of nonionic surfactant head groups 
(kHILIC) and electrostatic interactions of anionic surfactant head groups (kAX) for 
the prediction of several environmental parameters of nonionic and anionic 
surfactants (e.g., bioconcentration factor, critical micelle concentration, 
toxicity, sorption to organic matter, etc.). For most presented QSARs, the 
interaction parameter for hydrophobicity was mostly responsible for the 
goodness of fit of the model. However, for some QSARs of nonionic surfactants 
(bioconcentration factor and polyacrylate-water partition constants), using 
the hydrophilic interaction parameter greatly enhanced the performance 
of the model. For anionic surfactants (Daphnia magna toxicity QSAR), the 
electrostatic interaction parameter considerably increased the goodness of 
fit. The presented anionic QSAR models can be applied to different surfactant 
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groups including perfluorinated surfactants and use experimentally derived 
parameters that are relatively quick and easy measurable for surfactants. 
This approach is therefore especially convenient for the environmental risk 
assessment of newly produced surfactants.

INTRODUCTION

Surfactants are high production volume chemicals that are known for their 
amphiphilic and surface-active properties which make them a key ingredient 
as surface tension lowering agents or as emulsifiers in a broad range of 
products such as detergents, paints, pesticides, coatings, and many other 
products.1 Surfactants are being used in industry, household and agricultural 
products every day,2 and often end up dispersed in different environmental 
compartments.3 While a major proportion of surfactants is degraded in 
wastewater treatment plants, some end up in surface waters, soils, or 
accumulate in sewage sludge.4 Some surfactants (e.g., some perfluorinated 
surfactants) are found to be persistent to degradation.5–7 

For environmental risk assessment, models are needed to predict the 
environmental fate and effects of existing chemicals, including surfactants. A 
common approach is the use of quantitative structure-activity relationships 
(QSARs). These models combine descriptive parameters for physico-chemical 
properties of chemicals with known environmental parameters.8 For neutral 
and nonpolar chemicals, numerous QSARs have been published that apply 
the octanol-water partition constant (KOW) as chemical descriptor and some 
classical examples are QSAR models for bioconcentration,9,10 sorption,11,12 
and toxicity.13,14 However, these KOW models often do not work for chemicals 
that are highly polar, amphiphilic or have ionic properties because the 
octanol-water partition constant is not able to reflect the resulting specific 
interactions. Some alternative approaches are quantitative structure-
property relationships (QSPR)15,16 which have also been applied to several 
groups of surfactants,17,18 poly-parameter linear free energy relationships (pp-
LFER)19–22 for which some descriptors for ionic compounds have recently been 
reported,23,24 and computational programs like COSMOmic which was recently 
used for modelling phospholipid-water partition constants.25–28 Descriptors for 
ionic chemicals are often estimated by computational programs which may 
lead to an additional uncertainty. Especially for anionic chemicals like anionic 
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surfactants, parameters and descriptors for modelling purposes are currently 
not well defined.29,30  

Most common synthetic anionic surfactants consist of an aliphatic or 
perfluorinated alkyl chain bonded to a carboxyl, sulfate, sulfonate or benzene 
sulfonate head group while for nonionic surfactants the alkyl chain is bonded 
to an ethylene oxide chain of various lengths.31 In order to predict the fate 
of surfactants in the environment, understanding of their environmental 
behavior is required. The behavior of solutes in an aqueous environment 
is often a result of the intermolecular forces between water-water and/ or 
water-solute molecules. For (ionic) surfactants, these interactions can be 
divided into three physico-chemical properties: hydrophobicity of the alkyl 
chain, hydrophilicity of the head group structure, and for ionic surfactants the 
electrostatic character of the head group.32,33 The alkyl chain of the surfactant 
mostly contributes to its hydrophobicity by interrupting hydrogen-bonding 
between water molecules in the bulk water phase and affects the energy 
that is needed for water to form a cavity surrounding the molecule.32,34,35 
For surfactants, the hydrophobicity is mostly related to the length or size 
of the alkyl chain. The hydrophilicity of (ionic) surfactants originates from 
polarity, hydrogen-bonding ability, and charge density of the head group 
structure, while electrostatic interactions of the surfactant head group can be 
responsible for specific sorption of ionic surfactants to other phases as well as 
the formation of ion-pairs or ion-bridges with other phases.36 

In Chapter 3, fragment values (k’0) for the hydrophobic property of nonionic 
and anionic surfactants were derived from retention measurements on a C18 
stationary phase. For clarity, in the current Chapter, k’0 is denoted as kC18 in 
order to refer to the stationary phase that was used in the quantification of the 
hydrophobic property of the surfactants. The kC18 parameter values appeared 
mostly related to the size of the alkyl chain of the (anionic) surfactants.33 In 
Chapter 4, parameters were presented that quantify the hydrophilic (kHILIC) and 
electrostatic (kAX) properties of the surfactant head groups using retention on 
HILIC and WAX stationary phases. From these parameters, it was concluded 
that the parameter kHILIC best expressed the physico-chemical (hydrophilic) 
property of the nonionic surfactant head groups while the kAX parameter 
is best used to reflect the physico-chemical (electrostatic) properties of the 
anionic surfactant head groups.
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In the current paper, we present a new QSAR model approach for anionic 
and nonionic surfactants that uses these experimentally derived parameters 
representing the most important physico-chemical properties of surfactants 
as descriptors in a multilinear model (Table 6.1). The HPLC derived parameters 
kC18, kHILIC and kAX from Chapter 4 were used as independent variables (XC18, XHILIC 
and XAX) in multilinear regression models using experimental data of several 
environmental endpoints of surfactants as dependent (Y) variables (Equation 
1). Calculated regression coefficients a, b and c reflect the contribution of each 
physico-chemical property on the environmental behavior of the surfactants. 
The regression coefficient b for XHILIC is only used for nonionic surfactants, and 
c for XAX only for anionic surfactants.

Table 6.1: Types of interactions between molecules and parameters that were applied 

for surfactants to indicate the strengths of interaction.

Type of interaction Parameter derived from Parameter
Schematic overview of HPLC 

stationary phase

Hydrophobicitya
 

Retention index on RP-HPLC 

C18 column
kC18

Hydrophilic interactions

(nonionic surfactants)

Retention index on mixed-mode 

Hydrophilic Interaction Liquid 

Chromatography (HILIC) column

kHILIC

Electrostatic interactions

(anionic surfactants)

Retention index on mixed-mode 

Weak Anion Exchange (WAX) 

column

kAX

a Hydrophobicity in itself is not a type of interaction and it depends on a number of non-

specific and specific interactions.
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Y = a XC18 + b XHILIC + c XAX + d    (1)

Experimental endpoint data for bioaccumulation, toxicity, critical micelle 
concentration and octanol-water, organic matter-water, liposome-water, and 
polyacrylate-water partitioning were gathered from various literature sources 
and can be found in the Supporting Information (Tables S6.1–S6.10). 

MATERIALS AND METHODS

In this work, QSAR models are developed to correlate experimental data of a 
number of endpoints (“environmental parameters”), such as bioconcentration 
factors (BCF), sorption constants (K) and effect concentrations (EC50), to 
experimentally derived interaction parameters that represent basic physico-
chemical properties of surfactants. The values for these interaction parameters 
were used as interaction descriptors in the QSAR models and were calculated 
using fragment values from earlier work where HPLC was used to measure 
retention of surfactants with different alkyl chain lengths and different anionic 
and nonionic surfactant groups on C18, mixed-mode HILIC and mixed-mode 
WAX stationary phases (Table 6.1 and Chapter 4).

The hydrophobicity parameter kC18 was developed using a C18 stationary 
phase. Retention on the C18 column is the result of the interaction of the whole 
surfactant molecule with water and the hydrophobic stationary phase and 
can be regarded as a measure of the molecule’s hydrophobicity. Compounds 
that were used to determine kC18 included alkyl carboxylates, alkyl sulfates, 
alkyl sulfonates, alkyl benzene sulfonates, perfluoroalkyl carboxylates, 
alkyl benzenes, alkyl phenols, alcohol ethoxylates, alkyl methyl esters, and 
polycyclic aromatic hydrocarbons. 

The hydrophilic and electrostatic properties of the surfactants were quantified 
using retention on a mixed-mode HILIC column (kHILIC) and mixed-mode 
WAX column (kAX). The kHILIC parameter was calculated using the hydrophilic 
component of the retention mechanism which is based on hydrophilic 
interactions between the surfactant head group and the HILIC stationary phase 
at organic solvent percentages above 90%. Surfactant head groups used in the 
determination of the kHILIC parameter include alkyl carboxylates, alkyl sulfates, 
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alkyl sulfonates, alkyl benzene sulfonates, alcohol ethoxylates, perfluoroalkyl 
carboxylates, and perfluoroalkyl sulfonates. The log kHILIC fragments are only 
calculated for the head group of a surfactant and do not change with carbon 
chain length of the test analyte. The kAX parameter is a result of electrostatic 
interactions between the surfactant head group and the anion exchange 
surface of the WAX stationary phase. Values of the kAX parameter are based 
on measurements of alkyl carboxylates, alkyl sulfates, alkyl sulfonates, alkyl 
benzene sulfonates, perfluoroalkyl carboxylates, and perfluoroalkyl sulfonates. 
The retention of surfactants measured on the mixed-mode HILIC and mixed-
mode WAX column showed that the retention mechanism on both columns 
was a result of their degree of hydration, albeit expressed in different retention 
behavior: generally, retention on the WAX phase increased when retention 
on the HILIC phase decreased, and vice versa. Still, the hydration originates 
from different physico-chemical parameters: for nonionic surfactants polarity 
and the hydrogen-bonding capacity of the head group mostly determines 
their hydration while for anionic surfactants the charge density, which is an 
electrostatic property, is most important.37 It was concluded that kHILIC would 
therefore be most useful to describe the hydration of the head group of 
nonionic surfactants while kAX should be used to describe the hydration of the 
head group of anionic surfactants. For clarity, we will therefore use the kHILIC 
parameter to refer to hydrophilicity of the nonionic surfactants head groups, 
and kAX to refer to the electrostatic character of the anionic surfactants head 
groups. A more precise description of how the fragment values are obtained 
can be found in Chapters 3 and 4. The logarithmic fragment values for the 
kC18, kHILIC and kAX parameters that are used in the current study can be found 
in Table 6.2.

The logarithmic fragment values from Table 6.2 are used to calculate the 
descriptor values of XC18, XHILIC and XAX which are subsequently used in the 
QSAR models. This is simply done by summation of the logarithmic fragment 
values for each structural fragment in the surfactant molecule structure. 
For the calculation of XC18, an intercept value is included in the summation. 
No intercept has been used to calculate XHILIC and XAX. The kC18 fragment-
based approach presented in Chapter 3 also offers negative log kC18 values 
for fragments that lower the hydrophobicity of the surfactant (e.g., anionic 
surfactant head groups). However, because we believe these effects are also 
incorporated into the kHILIC or kAX parameters, only the kC18 fragments that 
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positively contribute to the hydrophobicity of the surfactant were used in the 
QSAR model calculations. Note that some structural fragments (i.e., ethoxylate 
units and the benzene group in BzSO3

-) were found to contribute through 
multiple descriptors. This allows for a more realistic approach in describing 
the contribution of each fragment. Several QSARs for different environmental 
parameters of surfactants (e.g., toxicity, sorption, partitioning, etc.) were 
developed. All calculations were performed using the statistical program R.38 
The model performance was measured by using the goodness of fit, which 
gives the fraction of explained variance for an analyzed dataset. From the 

Table 6.2: The different structural fragments and their logarithmic fragment values for 

the hydrophobicity (kC18), hydrophilic interaction (kHILIC) and electrostatic interaction (kAX) 

parameters that are used in this study (standard errors are given). 

Description Fragment log kC18
a log kHILIC

a log kAX
a

Intercept 0.51 (±0.15) n.a. n.a.

Aliphatic hydrocarbon CH2
b 0.47 (±0.01) n.a. n.a.

Aromatic hydrocarbon Aromatic CH 0.21 (±0.01) n.a. n.a.

Fluorocarbon CF2
b 0.56 (±0.01) n.a. n.a.

Carboxylic acid (hydrocarbon attached) CO2
-(H) n.a. n.a. 0.78 (±0.13)

Carboxylic acid (fluorocarbon attached) CO2
-(F) n.a. n.a. 2.49 (±0.14)

Sulfonate (hydrocarbon attached) SO3
- (H) n.a. n.a. 1.08 (±0.09)

Sulfonate (fluorocarbon attached) SO3
- (F) n.a. n.a. 2.62 (±0.05)

Sulfate SO4
- n.a. n.a. 1.71 (±0.16)

Benzene sulfonate BzSO3
- 1.05c n.a. 2.93 (±0.06)

Ethoxylate group EOn 0.10 (±0.03) 0.12 (±0.004)d n.a.
a For calculation of XC18 of a molecule, the intercept value is always included in the 

summation of the fragments.33 However, this is not needed for calculation of XHILIC and 

XW=AX; b The fragments CH2 and CF2 include CH3 and CF3 groups as well because it was not 

possible to distinguish between these two fragments; c Calculated by summation of 6 

Aromatic CH fragments; d with EO1 = -0.034; n.a. = not available
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multiple regression function lm() in the R-file, the adjusted R2 output is used 
here throughout the manuscript because it corrects the standard R2 for the use 
of multiple parameters. 

RESULTS AND DISCUSSION

QSAR development for different environmental endpoints of 
surfactants

The calculated contribution coefficients (a, b and c) that reflect the contribution 
of the descriptors to the environmental endpoint Y (Equation 1), are shown in 
Table 6.3. This table also contains the goodness of fit (R2) for each model and 
the number of compounds used for the QSAR development (N). In this section, 
the QSAR models are shortly examined and, if possible, compared with earlier 
models from literature. In order to understand the addition of each descriptor 
to the goodness of fit of the QSAR model, additional models were developed 
using single XC18, XHILIC or XAX descriptors or a combination of two descriptors. 
The outcome of these models can be found in Table S6.11 in the Supporting 
Information.

Bioconcentration factors of nonionic surfactants 

Values for the bioconcentration factor (BCF) of surfactants have been 
reported in literature for several surfactant groups including some anionic 
and nonionic surfactants. Most BCF values have been measured for anionic 
alkyl benzene sulfonates with a branched alkyl chain (i.e., C12-y-BzSO3

- with y 
= 2 – 6)39–41 because of their widespread abundance in the environment. The 
hydrophobicity parameter kC18 has not been calibrated for branched alkyl 
chains33 and its fragment values should therefore only be used for compounds 
with a linear alkyl chain. There is some experimental BCF data available for 
the accumulation of nonionic alcohol ethoxylates in several fish species.41–44 
However, because of differences in bioaccumulation potential between 
species,45 a single dataset for fathead minnow was used in the present study 
because it contained the largest number of data points (N = 7) (Table S6.1). For 
the QSAR model, a correlation between BCF and the XC18 and XHILIC descriptors 
results in a regression coefficient a of 0.73 and a regression coefficient b of 



176

Environmental 
parameters (Y)

R2
Surfactants 

(N)*
a 

coefficient 
b 

coefficient 
c 

coefficient 
d 

coefficient 

NONIONIC SURFACTANTS

log BCF 0.93 CxEOy (7) 0.73 (±0.11) -2.05 (±0.23) n.a. -1.91 (±0.67)

log KOW 0.99 CxEOy (8) 1.14 (±0.04) -2.46 (±0.58) n.a. -2.64 (±0.16)

-log EC50 

(membrane)

0.97 CxEOy (10) 0.91 (±0.06) -1.10 (±0.22) n.a. -0.99 (±0.36)

-log CMC 0.95 CxEOy (44) 

CxBzEOy (11)

1.07 (±0.03) -1.15 (±0.14) n.a. -2.73 (±0.19)

log KLipW 0.98 CxEOy (10) 0.96 (±0.04) -1.68 (±0.15) n.a. -2.04 (±0.25)

log KPaW 0.99 CxEOy (17) 1.06 (±0.04) -2.92 (±0.08) n.a. -2.91 (±0.28)

log KOC 0.76 CxEOy (32) 0.70 (±0.07) -0.39 (±0.17) n.a. -0.82 (±0.51)

log K1,Illite 0.87 CxEOy (9) 0.93 (±0.19) 0.20 (±0.41) n.a. -2.16 (±1.23)

log K2,Illite 0.98 CxEOy (9) 1.10 (±0.06) -1.09 (±0.13) n.a. -3.93 (±0.38)

ANIONIC SURFACANTS

-log EC50 (D. 

magna)

0.97 CXCO2
- (2)

CXBZSO3
- (6)

CXSO4
- (5)

PFCXCO2
- (3)

0.68 (±0.03) n.a. -0.57 (±0.06) 1.57 (±0.22)

-log CMC 0.93 CXBzSO3
- (4)

CxSO3
- (9)

CXSO4
- (12) 

CxEOySO3
- (1) 

CxEOySO4
- (8) 

PFCXCO2
- (4)

0.62 (±0.03) n.a. 0.26 (±0.08) -2.06 (±0.26)

ANIONIC + NONIONIC SURFACTANTS

-log CMC 0.83 CXY** 0.78 (±0.04) -0.10 (±0.22) -0.53(±0.07) -1.46 (±0.26)

* Fitting an equation with two parameters and seven or nine data points is statistically 

not optimal. A general rule is five data points for each X parameter. Unfortunately, 

for most surfactants, there is no more measured endpoint data available.; n.a. = not 

available; ** Surfactants from the nonionic + anionic CMC models.
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-2.05 (R2 = 0.93). Combining both XC18 and XHILIC descriptors in the QSAR 
model considerably increases the model fit (Table S6.11) which implies that 
a combination of descriptors for hydrophobic and hydrophilic interactions is 
indeed needed for a proper prediction of the BCF rather than using a single 
descriptor. In the literature, other models have been developed to predict 
BCF for alcohol ethoxylates using the octanol-water partition constant (log 
KOW)46 or by calculating molecular descriptors from computational programs.47 
However, the model from Cheng et al. (2005) uses calculated log KOW values 
from a semi-theoretical molecular thermodynamic model,46 and Ratnayake 
(2016) uses calculated BCF values from Episuite’s BCFBAF,47 which are partly 
derived from calculations that use log KOW values from a non-surfactant 
database. 

Octanol-water partition constants of nonionic surfactants

Because of the amphiphilic character of surfactants, surfactant molecules 
will accumulate at the interface between phases (e.g., air-water or octanol-
water) and KOW measurements become difficult to perform. There are some 
experimental log KOW values available for alcohol ethoxylates with very short 
alkyl chains (C1 – C6) of which some are not strictly speaking surfactants.48 
These values should therefore not be used to extrapolate log KOW values to 
longer alkyl chains. Some methods use HPLC retention times of reference 
compounds on a C18 stationary phase to predict octanol-water partition 
constants for surfactants with longer alkyl chains.33,49 However, these values 
should be used with caution as the reference compounds are often of a non-
surfactant nature. We correlated the hydrophobic and hydrophilic interaction 
descriptors to the available experimental log KOW values of the previously 
mentioned short alkyl chain alcohol ethoxylates because these log KOW values 

Table 6.3. The environmental parameters (Y) investigated in this study with the 

regression coefficient a for the hydrophobicity descriptor XC18, b for the hydrophilic 

interaction descriptor XHILIC, and c for the electrostatic interaction descriptor XAX, the 

intercept d, standard errors of all coefficients, goodness of fit (R2) and surfactant type 

with sample size (N) for each of the developed QSAR models (Y = a XC18 + b XHILIC + c XAX 

+ d). 
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are still more reliable than those of longer alkyl chains obtained through HPLC. 
A positive regression coefficient was found for the XC18 descriptor (a = 1.14) 
and a negative coefficient for the XHILIC descriptor (b = -2.46) (see Table 6.3). 
Again, the dataset of octanol-water partition constants for alcohol ethoxylates 
is small (N = 8) and the number of distinct values for the XHILIC descriptor is 
low as only molecules with EO1 and EO2 are used (Table S6.2, Supporting 
Information). The XHILIC descriptor therefore only contributes a small amount to 
the fit of the model and using only the XC18 descriptor already predicts the data 
quite well (Table S6.11, Supporting Information).

Membrane toxicity of nonionic surfactants

A majority of the nonionic surfactant toxicity values (EC50) presented in 
literature has been measured using alcohol ethoxylate or alkyl phenol 
ethoxylate mixtures with various alkyl chain lengths and/or number of 
ethoxylate units.50–53 However, only toxicity data available for pure surfactants 
were selected, because the current QSAR approach focuses on specific 
surfactants present as single compounds and will therefore not work for 
surfactant mixtures. This considerably reduced the sample size of the dataset. 
In a few studies, the toxicity of a series of specific alcohol ethoxylates was 
determined54,55 and only Müller et al. (1999)55 presented (membrane) toxicity 
data for a series of alcohol ethoxylates with different carbon chain lengths and 
number of ethoxylate units (Table S6.3, Supporting Information). The dataset 
from Müller et al. (1999) was subsequently used for the membrane toxicity 
QSAR for nonionic surfactants.55 For this QSAR, the XC18 descriptor appears 
to explain most of the variability of the model as using the XC18 descriptor 
alone results in a R2 value of 0.88. Further addition of the XHILIC descriptor only 
slightly increases the R2 value to 0.96 (Table S6.11, Supporting Information). 
As expected, regression coefficient a is positive (0.91) (see Table 6.3) because 
toxicity generally increases with alkyl chain length and thus hydrophobicity. 
Other published toxicity QSAR models are available for alcohol ethoxylates 
and alkyl phenol ethoxylates wherein predicted log KOW values are used56,57 or 
which focus on the number of EO units and the alkyl chain length.50,53 While 
some studies show an increase in toxicity with decreasing EO chain length,53 
most agree that the alkyl chain length predominantly determines the toxicity 
of surfactants like alcohol ethoxylates and alkyl phenol ethoxylates.
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Critical micelle concentrations of nonionic surfactants

The critical micelle concentration (CMC) is by far the most studied property of 
nonionic and anionic surfactants. The CMC of surfactants is often compared 
with the solubility (Sw) of non-surface-active compounds, and this parameter 
can be used as a measure for the mobility of surfactants in the aqueous phase. 
There are several publications that present (mostly QSPR) models to predict 
the CMCs of surfactants.58–60 To develop the CMC QSAR model for nonionic 
surfactants, a dataset constructed by Katritzky et al. (2008) was used.18 However, 
from the dataset, only the surfactant structures that fall within the domain 
of applicability of the kC18, kHILIC and kAX interaction parameters were used. The 
experimental data of nonionic surfactants consist of alkyl phenol ethoxylates 
and alcohol ethoxylates with various alkyl chain lengths and number of 
ethoxylate units (N = 55, see Table S6.4, Supporting Information). Alcohol 
ethoxylates with a very high number of ethoxylate units (EO30 - EO40) were not 
used because the descriptors are not calibrated for possible steric hindrance 
which we believe may occur with these very large compounds. Furthermore, 
alcohol ethoxylates with perfluorinated alkyl chains were omitted because 
for perfluorinated alkyl chains, no kHILIC fragment is yet calibrated (see Chapter 
4). The fluorine atoms on the perfluorinated alkyl chain may influence the 
charge distribution on the head group of a surfactant and thereby influence 
the hydrophilic interactions of a molecule.33,61 All experimental CMC values 
are in moles per Liter and have been transformed to –log CMC to correspond 
with a positive contribution of the coefficient a as hydrophobicity increases. 
The CMC QSAR for nonionic surfactants fits the experimental data well (R2 = 
0.95) and this is mostly due to the effect of the XC18 descriptor, which when 
used alone, gives a R2 value of 0.89 (Table S6.11, Supporting Information). 
As expected, an increase in hydrophobicity corresponds to a decrease of the 
CMC (increases –log CMC value) of nonionic surfactants. Simultaneously, an 
increase in hydrophilic interaction leads to an increase of the CMC (decreases –
log CMC value) because of increased interactions between surfactants and the 
aqueous phase. The plot of calculated –log CMC values from the CMC QSAR 
for nonionic surfactants versus experimental data from literature is presented 
in Figure 6.1.
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Liposome-water partition constants of nonionic surfactants

A small dataset (N = 10) with liposome-water partition constants for alcohol 
ethoxylates is available from Müller et al. (1999),62 see Table S6.5, Supporting 
Information. A correlation between the XC18 and XHILIC descriptors and the log 
KLipW coefficients resulted in a good R2 value of 0.98, an expected positive 
contribution from hydrophobicity (coefficient a) and a negative contribution 
from hydrophilic interactions (coefficient b; see Table 6.3). The XC18 descriptor is 
again mostly responsible for the fit of the QSAR model (Table S6.11, Supporting 
Information). 

Polyacrylate-water partition constants of nonionic surfactants

A dataset from Droge et al. (2007)63 was used containing polyacrylate-
water partition constants (log KPaW) measured in seawater, see Table S6.6 in 
the Supporting Information. Considering the hydrophobic and hydrophilic 
coefficients, the XC18 descriptor can barely predict the log KPaW partition 
coefficients (R2 = 0.10), and both XC18 and XHILIC descriptors are required for 
an acceptable goodness of fit (R2 = 0.99; see Table 6.3). With these results, 
hydrophilic interactions seem to play an important role in the partitioning 

Figure 6.1: Predicted CMC values from the CMC QSAR (see Table 6.3) for 55 nonionic 

surfactants versus experimental data from literature.

0 2 4 6
0

2

4

6

Experimental -log CMC values (mol/L)

C
al

cu
la

te
d 

-lo
g 

C
M

C
 v

al
ue

s 
(m

ol
/L

)

R2 = 0.95

1:1 line



181

Chapter 6

of alcohol ethoxylates to polyacrylate and this may be an effect of the 
hydrogen-bonding capacity of the carboxylate groups which are present in 
the polyacrylate polymer. 

Organic carbon-water partition coefficients of nonionic 
surfactants

A collection of experimental logarithmic organic carbon-water partition 
constants (log KOC) for aliphatic alcohols and alcohol ethoxylates can be found 
in a publication from Compernolle et al.64 Correlating the hydrophobic and 
hydrophilic interaction descriptors to the experimental data resulted in a 
positive regression coefficient a for XC18, and a negative coefficient b for XHILIC 
(Table 6.3). The dataset is relatively large (N = 25) and both descriptors have 
a sufficient number of distinct values (alkyl chain length between 10 to 18 
carbon atoms, and 0 to 9 ethoxylate units, see Table S6.7 in the Supporting 
Information). The fit of the QSAR model seems to be solely the result of the 
XC18 descriptor (Table S6.11, Supporting Information) and the addition of the 
XHILIC descriptor barely increases the quality of the model fit. This is consistent 
with earlier publications where the alkyl chain is stated to have a dominant 
role in sorption of alcohol ethoxylates to organic matter.65–67 The QSAR R2 
value is relatively low (R2 = 0.76) and this may be a result of the different 
sorbents that are used in the determination of log KOC.64 Still, the current log 
KOC QSAR predicts the experimental data better than the original QSAR from 
Compernolle et al. (R2 = 0.76 vs R2 = 0.64).64 In the publication of Compernolle et 
al., the descriptors of the QSAR model consist of the number of carbon atoms 
in the alkyl chain, and the number of ethoxylate units in the surfactant head 
group.64 Instead, while XC18 is indeed closely related to the alkyl chain length 
of the surfactant and XHILIC to the number of ethoxylate units, XC18 changes 
slightly with the addition of an ethoxylate unit, and the increase in XHILIC is not 
linear with the number of ethoxylate units (i.e., XHILIC increases less and less as 
the number of ethoxylate units increases, see Table 6.3). This may explain the 
difference in R2 between the two QSAR models. 
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Adsorption and absorption to soils of nonionic surfactants

In a study by Droge et al. (2009),68 sorption of alcohol ethoxylates to illite clay 
was measured and attributed to two sorption mechanisms; an adsorption 
coefficient (KI) for adsorption to the mineral surface, and a bilayer formation 
(KII) coefficient for the formation and affinity for the surfactant bilayer on the 
mineral surface (Table S6.8, Supporting Information). In the KI,iIllite QSAR, the 
a and b coefficients are both positive. This means that adsorption increases 
with increasing hydrophobicity as well as with increasing hydrophilicity 
of the ethoxylate units. This may be an effect of the surface area that plays 
a role in the adsorption of alcohol ethoxylates to sediments by hydrogen-
bonding of the oxygen atoms of the ethoxylate units to the hydroxide groups 
present on the sediment surface. 65,69,70 When surfactant concentration further 
increases, the adsorption capacity of the sediment reaches a plateau value 
and the surfactants are eventually unable to undergo hydrogen-bonding 
interactions with hydrogen-bond donor sites on the sediment surface. The 
surfactants then start to form bilayers and, in the absence of hydrogen-bond 
donor sites, a decrease in hydrophilic interactions of the surfactant results in 
a decrease in sorption (more affinity for the aqueous phase), explaining the 
negative b coefficients in the KII QSAR. Sorption is then again mainly driven by 
hydrophobicity.68

Daphnia magna acute toxicity of anionic surfactants

The D. magna toxicity QSAR for anionic surfactants is based on acute toxicity 
data (EC50) from four surfactant groups: alkyl carboxylates, alkyl benzene 
sulfonates, alkyl sulfates, and perfluoroalkyl carboxylates (N = 16; see Table 
S6.9, Supporting Information). The QSAR includes the XAX descriptor because 
of the electrostatic character of the surfactant head groups. Using only the 
XC18 descriptor in the D. magna toxicity QSAR results in a R2 value of 0.85 
(Table S6.11, Supporting Information) and a combination of both XC18 and 
the electrostatic interaction descriptor XAX considerably increases the R2 
value of the QSAR to 0.97 and emphasizes the importance of the electrostatic 
properties for the toxicity of anionic surfactants. The plot of experimental 
and predicted –log EC50 values from the D. magna toxicity QSAR for anionic 
surfactants is presented in Figure 6.2. While other QSAR models have been 
developed for the prediction of toxicity of anionic surfactants,71,72 the current 
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QSAR model is the first to be applicable to anionic surfactants with different 
head group structures including perfluorinated surfactants. 

Critical micelle concentrations of anionic surfactants

The experimental CMC values for anionic surfactants consist of measurements 
for alkyl carboxylates, alkyl sulfonates, alkyl benzene sulfonates, alkyl sulfates 
and alkyl ethoxy sulfates with different alkyl chain lengths (N = 38, Table S6.10, 
Supporting Information). The CMC QSAR model for anionic surfactants results 
in a R2 value of 0.93 which is again mostly the result of the XC18 descriptor 
(Table S6.11, Supporting Information). Interestingly, a positive c coefficient 
was observed for electrostatic interaction, unexpectedly. This means that 
surfactants that show increased electrostatic interactions (higher log kAX) 
have a lower CMC. The plot of experimental and predicted –log CMC values 
from the CMC QSAR for anionic surfactants is presented in Figure 6.3. While 
the QSAR returns quite accurate predictions for the shorter perfluorinated 
carboxylates (C6 – C8), longer perfluorinated alkyl chains become problematic. 
In Figure 6.3, the perfluorinated surfactant F(CF2)10CO2

-
 is found furthest from 

the 1:1 line (most upper-right PF data point). When this compound is omitted 
from the QSAR model, R2 increases to 0.96.

Figure 6.2: QSAR-Predicted –log EC50 values from the D. magna toxicity QSAR (see Table 

6.3) for sixteen anionic surfactants versus experimental D. magna toxicity data.
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Critical micelle concentration of nonionic and anionic 
surfactants

Besides individual CMC QSAR models for anionic and nonionic surfactants, we 
used the experimental CMC data from both nonionic and anionic surfactants 
in a multilinear regression model to develop a CMC QSAR for both types of 
surfactants. The nonionic surfactants have no value for the kAX descriptor and 
were instead given a XAX value of zero. In the same way, anionic surfactants 
were given a log XHILIC value of zero. For compounds that contain both 
ethoxylate units and an anionic head group both descriptors were used. All 
compounds from Tables S6.4 and S6.10 in the Supporting Information were 
used for this QSAR model. Interestingly, compared to the anionic CMC QSAR, 
the XAX contribution coefficient is now negative. As can be seen in Table 6.3, 
the contribution from the hydrophilic interaction (b coefficient) is marginal 
compared to both other coefficients. This CMC QSAR underestimates values for 
compounds with a low number of ethoxylate units and a series of surfactant 
groups with changing number of ethoxylate units are clearly visible in Figure 
6.4. The figure also shows that the fit for perfluorinated compounds is better 
in the previous anionic CMC QSAR (Figure 6.3).

Figure 6.3: Predicted CMC values from the CMC QSAR (see Table 6.3) for 38 anionic 

surfactants versus experimental data from literature. PF refers to calculated values for 

perfluorinated compounds.
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Interpretation of QSAR results

The descriptors that are used in the QSAR models represent the most 
important physico-chemical properties of nonionic and anionic surfactants 
that determine the behavior of these compounds in the environment. For all 
QSAR models, the regression coefficient (a) of the hydrophobicity descriptor 
(XC18) is positive, which means that hydrophobicity in all cases increases the 
surfactant’s environmental parameter value (Y), see Table 6.3. For the CMC and 
EC50 environmental parameters, which are expressed as negative logarithms, 
this means that hydrophobicity increases toxicity of the surfactants and 
decreases the concentration at which micelles start to form in water. While 
hydrophobicity itself is usually an effect that only occurs in the aqueous 
phase, it is mostly used to describe certain physico-chemical properties of the 
molecule. Namely, that the molecule is nonpolar or has minimal interaction 
with surrounding water molecules. In water, the presence of a hydrophobic 
solute disturbs the hydrogen-bonding network between water molecules and 
forces the water molecules to rearrange themselves. Hydrophobic solutes are a 
constant obstacle for the water phase and therefore partition easily into other 

Figure 6.4: Predicted CMC values from the CMC QSAR that includes both nonionic 

and anionic surfactants (n=94) versus experimental data from literature. PF refers 

to perfluorinated compounds and three series of surfactant groups with increasing 

number of ethoxylate units are referred to as EO. 
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phases that are less structured (e.g., solvents or phases with less hydrogen-
bonding between molecules in the bulk phase). Still, they remain nonpolar and 
have, besides weak van der Waals interactions, no specific interactions with 
these other phases. This may explain why the value of regression coefficient a 
for the hydrophobic property of the surfactants is more or less comparable for 
all QSAR models (a = 0.62 to 1.14; see Table 6.3 and Figure 6.5). 

The XHILIC descriptor is seen as a parameter for hydrophilic interactions of 
nonionic surfactants and is for alcohol ethoxylates mostly determined by 
the polarity and hydrogen-bonding capacity of the ethoxylate units. These 
properties render the ethoxylate units better hydrated than the hydrophobic 
alkyl chain of the surfactant which makes them interact better with the aqueous 
phase. Interactions related to the hydration of molecule structures therefore 
always contribute negatively to the partition to other, more hydrophobic, 
phases. However, hydrophilic properties can also result in specific interactions 
between the molecule and phases and is, e.g., observed for K1,illite, where 

Figure 6.5: The regression coefficients for hydrophobicity (a), hydrophilic interactions 

(b), and electrostatic interactions (c) from the QSAR models (Y = a XC18 + b XHILIC + c XAX + 

d) for all environmental parameters. 
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direct hydrogen-bonding between the alcohol ethoxylate units and the illite 
surface results in a positive b regression coefficient (see Figure 6.5 and section 
Adsorption and absorption to soils of nonionic surfactants). The strongest 
negative contribution of hydrophilicity was found for the polyacrylate-water 
QSAR and may be a result of the carboxylate groups on the polyacrylate 
surface.

The electrostatic interaction contribution coefficient c is relevant in three 
QSARs and was negative in the D. magna toxicity QSAR and positive in the 
CMC QSAR for anionic surfactants. Referring to the relationship between 
hydration and the kAX parameter, these results fit the expectations. Poorly 
hydrated compounds are more prone to interact with charged sites because 
their hydration shell is small and less of a barrier for interactions between the 
solute and a charged site compared with that of well hydrated compounds. 
As such, poorly hydrated surfactants are found to have a higher log kAX value 
than well hydrated surfactants (See section Quantification of the electrostatic 
property of anionic surfactants in Chapter 4). Regarding toxicity to D. magna, 
the phosphatidyl choline head groups in cell membranes maintain both 
positive and negative charges and the negative charges have a repellent 
effect on anionic surfactants.73 It would make sense that uptake of surfactants 
by the cell membranes of D. magna is more difficult for surfactants with a 
higher XAX value. This is reflected in the negative regression coefficient c of 
the D. magna QSAR which shows a decrease in toxicity with increasing XAX 
value. Similarly, poorly hydrated surfactants have decreased interaction with 
water molecules compared to well hydrated ones and therefore more quickly 
aggregate in water, resulting in a positive regression coefficient c in the CMC 
QSAR as the critical micelle concentration decreases with hydration of the 
surfactant head group. The regression coefficients may also give information 
about the sorption mechanisms and may show which phases resemble each 
other. For example, sorption of surfactants to polyacrylate (KPaW) differs in 
sorption mechanism with sorption to organic carbon (KOC) because of the 
large difference in b values.

The introduction of parameters that can describe the most important 
surfactant-specific characteristics: kC18 for hydrophobicity, kHILIC for the 
hydrophilicicy of nonionic surfactant head groups, and kAX for the electrostatic 
properties of anionic surfactant head groups, allows for a more accurate 
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prediction of the physico-chemical behavior of surfactants compared to 
some orthodox approaches (e.g., using KOW or Sw). The use of the presented 
QSAR approach is thereby not limited to a single surfactant group and can 
be applied to surfactants with different head groups and alkyl structures, 
including perfluorinated surfactants. The current QSAR approach differs 
from others in that it uses descriptors that consist of experimentally derived 
parameters which are relatively quickly and easily measurable for surfactants 
and is therefore especially convenient for the environmental risk assessment 
of newly produced surfactants.
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SUPPORTING INFORMATION

Table S6.1: Compounds with their corresponding descriptor values and environmental 

parameter values from Krop et al.41 that were used in the development of the log BCF 

QSAR model for nonionic surfactants. 

Compound XC18 XHILIC log BCF

C12EO8 6.97 0.62 1.10

C13EO8 7.44 0.62 1.60

C13EO4 7.06 0.14 2.37

C14EO11 8.20 1.00 1.20

C14EO4 7.53 0.14 2.37

C14EO8 7.92 0.62 1.98

C16EO8 8.87 0.62 2.59

Table S6.2: Compounds with their corresponding descriptor values and environmental 

parameter values from Cheng et al.46 that were used in the development of the log KOW 

QSAR model for nonionic surfactants. 

Compound XC18 XHILIC log KOW (L/L)

C1EO1 1.08 -0.22 -0.77

C2EO1 1.55 -0.22 -0.28

C2EO2 1.65 -0.10 -0.54

C3EO1 2.03 -0.22 0.05

C4EO1 2.50 -0.22 0.80

C4EO2 2.60 -0.10 0.56

C6EO1 3.45 -0.22 1.86

C6EO2 3.55 -0.10 1.70
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Table S6.3: Compounds with their corresponding descriptor values and environmental 

parameter values from Müller et al.55 that were used in the development of the 

membrane toxicity QSAR model for nonionic surfactants. 

Compound XC18 XHILIC -log EC50 (mol/L)

C8EO5 4.78 0.27 3.14

C10EO5 5.73 0.27 3.75

C10EO8 6.02 0.62 3.96

C12EO5 6.68 0.27 4.63

C12EO8 6.97 0.62 4.74

C14EO5 7.63 0.27 5.43

C14EO8 7.92 0.62 5.63

C14EO11 8.20 1.00 5.30

C14EO14 8.49 1.37 5.04

C16EO8 8.87 0.62 6.61
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Table S6.4: Compounds with their corresponding descriptor values and environmental 

parameter values obtained from Katritzky et al.18 that were used in the development of 

the critical micelle concentration QSAR model for nonionic surfactants. 

Compound XC18 XHILIC -log CMC (mol/L)

C6EO3 3.64 0.02 0.959

C6EO4 3.74 0.15 1.032

C6EO5 3.83 0.27 1.017

C8EO4 4.69 0.15 2.063

C8EO5 4.78 0.27 1.959

C9EO8 5.54 0.63 2.52

C10EO5 5.73 0.27 3.1

C10EO7 5.92 0.51 3.015

C12EO1 6.30 -0.22 4.638

C12EO14 7.54 1.37 4.26

C14EO9 8.01 0.76 5.046

C16EO8 8.87 0.63 5.921

C16EO10 9.06 0.88 5.699

C9BzEO2 6.23 -0.10 3.377

C9BzEO5 6.51 0.27 3.328

C9BzEO12 7.18 1.12 3.301

C4EO1 2.50 -0.22 0.009

C4EO6 2.98 0.39 0.11

C6EO3 3.64 0.02 1

C6EO6 3.93 0.39 1.164

C9EO1 4.87 -0.22 2.31

C8EO3 4.59 0.02 2.125

C8EO6 4.88 0.39 2.004

C8EO9 5.17 0.76 1.886

C10EO3 5.54 0.02 3.222

C10EO4 5.64 0.15 3.167

C10EO6 5.83 0.39 3.046

C10EO8 6.02 0.63 3
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Table 6.4: (continued)

Compound XC18 XHILIC -log CMC (mol/L)

C10EO9 6.11 0.76 2.886

C11EO8 6.49 0.63 3.523

C12EO2 6.39 -0.10 4.481

C12EO3 6.49 0.02 4.284

C12EO4 6.58 0.15 4.194

C12EO5 6.68 0.27 4.194

C12EO6 6.78 0.39 4.06

C12EO7 6.87 0.51 4.086

C12EO8 6.97 0.63 4

C12EO9 7.06 0.76 4

C12EO12 7.35 1.12 3.854

C13EO8 7.44 0.63 4.569

C14EO6 7.72 0.39 5

C14EO8 7.92 0.63 5.046

C15EO8 8.39 0.63 5.456

C16EO6 8.67 0.39 5.78

C16EO7 8.77 0.51 5.77

C16EO9 8.96 0.76 5.678

C16EO12 9.25 1.12 5.638

C8BzEO1 5.66 -0.22 4.305

C8BzEO2 5.75 -0.10 4.116

C8BzEO3 5.85 0.02 4.013

C8BzEO4 5.94 0.15 3.886

C8BzEO5 6.04 0.27 3.824

C8BzEO6 6.14 0.39 3.678

C8BzEO7 6.23 0.51 3.602

C8BzEO8 6.33 0.63 3.553
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Table S6.5: Compounds with their corresponding descriptor values and environmental 

parameter values from Müller et al.62 that were used in the development of the liposome-

water partitioning QSAR model for nonionic surfactants. 

Compound XC18 XHILIC log KLipW (L/kg)

C8EO5 4.78 0.27 2.24

C10EO5 5.73 0.27 2.97

C10EO8 6.02 0.62 2.55

C12EO5 6.68 0.27 4.01

C12EO8 6.97 0.62 3.42

C14EO5 7.63 0.27 4.86

C14EO8 7.92 0.62 4.45

C14EO11 8.20 1.00 4.12

C14EO14 8.49 1.37 3.94

C16EO8 8.87 0.62 5.45
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Table S6.6: Compounds with their corresponding descriptor values and environmental 

parameter values from Droge et al.63 that were used in the development of the 

polyacrylate-water partitioning QSAR model for nonionic surfactants. 

Compound XC18 XHILIC log KPaW (L/kg)

C10EO8 6.02 0.62 1.49

C12EO8 6.97 0.62 2.51

C14EO8 7.92 0.62 3.62

C16EO8 8.87 0.62 4.57

C14EO4 7.53 0.14 4.89

C14EO6 7.72 0.43 4.02

C14EO11 8.20 1.00 2.84

C12EO2 6.39 -0.10 4.22

C12EO3 6.49 0.02 3.91

C12EO4 6.58 0.14 3.68

C12EO5 6.68 0.27 3.38

C12EO6 6.78 0.43 3.03

C12EO7 6.87 0.56 2.74

C12EO9 7.06 0.76 2.46

C12EO10 7.16 0.88 2.20

C12EO11 7.26 1.00 1.95

C12EO12 7.35 1.12 1.76

C10EO8 6.02 0.62 1.49

C12EO8 6.97 0.62 2.51

C14EO8 7.92 0.62 3.62
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Table S6.7: Compounds with their corresponding descriptor values and environmental 

parameter values taken from Compernolle et al.64 literature that were used in the 

development of the organic carbon-water partitioning QSAR model for nonionic 

surfactants. 

Compound XC18 XHILIC log KOC (L/kg)

C10EO3 5.54 0.02 2.57

C10EO5 5.73 0.27 2.64 

C10EO8 6.02 0.62 3.06

C10EO9 6.11 0.76 3.18

C12EO3 6.49 0.02 3.69

C12EO5 6.68 0.27 3.82

C12EO6 6.78 0.43 3.47

C12EO8 6.97 0.62 4.05

C12EO9 7.06 0.76 3.83

C12EO10 7.16 0.88 3.82

C13EO2 6.87 -0.10 3.75

C13EO3 6.96 0.02 4.52

C13EO4 7.06 0.14 3.84

C13EO6 7.25 0.43 4.72

C13EO8 7.44 0.62 4.09

C13EO9 7.54 0.76 5.10

C14EO1 7.25 -0.22 4.32

C14EO3 7.44 0.02 4.52

C14EO5 7.63 0.27 4.50

C14EO6 7.72 0.43 4.49

C14EO8 7.92 0.62 4.51

C14EO9 8.01 0.76 4.25

C15EO9 8.49 0.76 5.56

C16EO3 8.39 0.02 4.77

C16EO5 8.58 0.27 4.64

C16EO6 8.67 0.43 4.73

C16EO8 8.87 0.62 4.75
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Table S6.7: (continued)

Compound XC18 XHILIC log KOC (L/kg)

C16EO9 8.96 0.76 5.14

C12EO0 6.20 -0.34 4.25

C14EO0 7.15 -0.34 4.71

C16EO0 8.10 -0.34 5.15

C18EO0 9.05 -0.34 5.67

Table S6.8: Compounds with their corresponding descriptor values and environmental 

parameter values from Droge et al.68 that were used in the development of the illite 

sorption QSAR model for nonionic surfactants. 

Compound XC18 XHILIC log KI,illite (L/kg) log KII,illite (L/kg)

C10EO8 6.02 0.62 3.7 2.1

C12EO3 6.49 0.02 3.4 3.1

C12EO5 6.68 0.27 3.9 3.2

C12EO6 6.78 0.43 4.4 3.1

C12EO8 6.97 0.62 4.6 3.0

C14EO6 7.72 0.43 5.3 4.1

C14EO8 7.92 0.62 5.6 4.3

C14EO11 8.20 1.00 5.7 4.0

C14EO14 8.49 1.37 5.6 3.9
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Table S6.9: Compounds with their corresponding descriptor values and environmental 

parameter values from literature that were used in the development of the Daphnia 

magna toxicity QSAR model for anionic surfactants. 

Compound XC18 XAX -log EC50 (mol/L) References

C9CO2
- 4.78 0.78 4.03 Chapter 5

C11CO2
- 5.73 0.78 5.40 Chapter 5

C9BzSO3
- 5.83 2.93 3.73 71

C10BzSO3
- 6.30 2.93 4.08 54,71,74

C11BzSO3
- 6.77 2.93 4.36 54,71,74

C12BzSO3
- 7.25 2.93 4.81 54,71,74

C13BzSO3
- 7.72 2.93 5.12 54,74

C14BzSO3
- 8.20 2.93 5.51 54,74

C11SO4
- 5.73 1.71 4.27 75

C12SO4
- 6.20 1.71 4.67 76

C14SO4
- 7.15 1.71 5.27 3

C15SO4
- 7.62 1.71 5.72 3

C16SO4- 8.10 1.71 6.33 3

PFC3CO2
- 2.18 2.55 1.61 77

PFC5CO2
- 3.29 2.55 2.48 77

PFC7CO2- 4.41 2.55 3.24 77

*Average value from multiple references 
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Table S6.10: Compounds with their corresponding descriptor values and environmental 

parameter values from Katritzky et al.78 that were used in the development of the critical 

micelle concentration QSAR model for anionic surfactants. 

Compound XC18 XAX -log CMC (mol/L)

C6SO4
- 3.36 1.71 0.364

C7SO4 3.83 1.71 0.645

C9SO4
- 4.78 1.71 1.209

PFC6CO2
- 3.85 0.78 0.333

PFC7CO2
- 4.41 0.78 0.936

PFC8CO2
- 4.96 0.78 1.538

PFC10CO2
- 6.08 0.78 2.137

C10BzSO3
- 6.30 2.93 2.509

C12BzSO3
- 7.25 2.93 2.921

C10EO2SO4
- 5.44 1.71 1.910

C12EO4SO4
- 6.58 1.71 2.770

C14EOSO4
- 7.25 1.71 2.857

C14EO2SO4
- 7.34 1.71 3.070

C14EO4SO4
- 7.53 1.71 3.160

C16EO2SO4
- 8.29 1.71 3.638

C6SO3
- 3.36 1.08 0.496

C8SO3
- 4.30 1.08 0.796

C10SO3
- 5.25 1.08 1.398

C12SO3
- 6.20 1.08 1.959

C13SO3
- 6.68 1.08 2.421

C14SO3
- 7.15 1.08 2.602

C15SO3
- 7.62 1.08 3.139

C16SO3
- 8.10 1.08 3.131

C17SO3
- 8.57 1.08 3.635

C7BzSO3
- 4.88 2.93 1.582

C8BzSO3
- 5.35 2.93 1.907

C8SO4
- 4.30 1.71 0.854

C10SO4
- 5.25 1.71 1.481
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Table S6.10: (continued)

Compound XC18 XAX -log CMC (mol/L)

C11SO4
- 5.73 1.71 1.783

C12SO4
- 6.20 1.71 2.066

C13SO4
- 6.68 1.71 2.367

C14SO4
- 7.15 1.71 2.658

C15SO4
- 7.62 1.71 2.921

C16SO4
- 8.10 1.71 3.237

C18SO4
- 9.05 1.71 3.796

C12EOSO4
- 6.30 1.71 2.396

C12EO2SO4- 6.39 1.71 2.553

C10EOSO3
- 5.35 1.08 1.787
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CONTEXT

For effective risk assessments, much time and resources are invested in the 
development of predictive methods that can approximate fate, exposure or 
toxicity of chemical compounds. Such models are subsequently often the 
foundation of regulatory decision making. As a result, there is an urgent need 
to identify simple parameters that can be used to predict the behavior of 
chemicals in the environment. Common nonpolar and neutral compounds do 
not undergo specific polar and electrostatic interactions with environmental 
phases. Their behavior is therefore easily simulated using models which 
include parameters such as the octanol-water partition constant or the 
aqueous solubility of the chemical. In contrast, surfactants have very unique 
characteristics which come with complex interactions that are also influenced 
by many environmental variables such as ionic strength and the pH of the 
solution. Their behavior is difficult to predict and although surfactants are 
widely studied in many different scientific fields like toxicology, analytical 
chemistry, surface chemistry, oil chemistry, biochemistry, pharmacology, 
coating research, water chemistry, most of these research areas are not directly 
related to the field of environmental chemistry. The reason for this is that 
there are currently no uniform parameters available that accurately express 
all interactions of surfactant molecules with environmental phases. This can 
also be concluded from the often-observed deviation between measured 
endpoint data and predicted data from computational programs. The current 
study adds some new pieces to this puzzle by showing the importance of 
understanding the different interactions of surfactants with other phases, and 
by explaining how to use this understanding to quantify their physico-chemical 
properties, and what this means for the risk assessment of surfactants. 

THE IMPORTANCE OF UNDERSTANDING PHYSICO-
CHEMICAL PROPERTIES OF SURFACTANTS

The current study started with a relatively straight-forward approach using 
solid phase micro-extraction (SPME) fibers to measure polyacrylate-water 
partition constants (KPaW) in order to obtain a parameter for surfactants that is 
comparable to the hydrophobicity parameter KOW. Previously, Rico-Rico et al.1–3 
successfully determined KPaW values for a small group of anionic surfactants. 
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For the current project, it was proposed to continue to use the SPME 
method to obtain partition constants for additional surfactants. However, 
during the current study only non-linear sorption of anionic surfactants 
to the polyacrylate fiber was observed (see Chapter 2) and we were unable 
to reproduce the earlier results obtained by Rico-Rico et al.1–3 Still, the large 
number of SPME experiments carried out during the present study disclosed 
important new information about the effect of pH and ionic strength on the 
behavior of anionic surfactants in the water phase (Chapters 2 and 5). After 
obtaining a batch of the original polyacrylate fibers used by Rico-Rico et al.,1–3 
experiments were performed with both old and newly obtained polyacrylate 
fibers from the same producer, and it was eventually concluded that the 
difference in outcome was presumably the result of changes in the production 
process of the polyacrylate fiber (see Figure 7.1). Note that the polyacrylate 
fibers did provide good results for neutral surfactants (alcohol ethoxylates; 
Chapter 2). The SPME experiments helped to understand that the effect of 
environmental variables on anionic surfactant behavior depends on the 
physico-chemical properties of the surfactant, and that the extent of these 

Figure 7.1: A comparison of the ‘old’ 7 uM polyacrylate fiber that was previously used by 

Rico-Rico et al.1 and the newly produced fibers used in the present study. Measurements 

were performed in seawater using C12-2-BzSO3
-. The dotted line represents a relationship 

with a slope of 1.

0.2
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effects depends on the structure of the surfactant head group. For example, 
Figure 2.2 in Chapter 2 shows that partitioning of alkyl carboxylates is strongly 
influenced by differences in environmental pH which is a result of the relatively 
high pKa value of alkyl carboxylates (pKa ~4.7). In a peat environment, where 
acidity can be as low as pH 3,4,5 a substantial fraction of alkyl carboxylate 
molecules will be present in their neutral form which may strongly bind 
to organic carbon but may therefore not bind to cationic salts or charged 
surfaces. When present in seawater, where pH usually ranges from 7.5 to 8.5,6 
all alkyl carboxylate molecules are completely ionized and their behavior is 
affected by the presence of other ionic charges. Anionic surfactants in their 
ionic form can adsorb to positively charged sites or to negatively charged 
ones through cation-bridging with, for example, calcium ions. Because the 
charge distribution and the pKa value of anionic surfactants varies between 
surfactant groups, differences in environmental pH do not equally affect the 
behavior of the verious surfactant groups. Surfactants with a pKa value below 
2, like perfluoroalkyl carboxylates or alkyl sulfonates, are nearly always present 
in the environment in their ionized form and changes in pH therefore need 
to be extremely drastic in order to protonate the molecules and affect their 
behavior. The pKa values of only few surfactant groups have been determined 

Figure 7.2: Logarithmic retention factors (log k’) as a function of methanol fraction (j) 

for C12-octaethylene glycol ether (C12(OCC)8OH), perfluoro-C12-carboxylate (PFC12CO2
-), 

pyrene, and C11-sulfate (C11SO4
-) (taken from Chapter 3).
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experimentally because most anionic surfactants act like strong acids (i.e., they 
dissociate easily and have very low pKa values which are difficult to determine, 
see Chapter 4). Literature values of pKa for anionic surfactants can therefore 
not directly be used as a reference to estimate their ionic behavior in the water 
phase. 

Following the results from our SPME work, it was concluded that the next 
approach forward would be to focus separately on the several different 
characteristics of the surfactant molecule that determine the environmental 
behavior of anionic and nonionic surfactants. While these characteristics are 
all a direct result of the arrangement of atoms in the surfactant structure 
and the resulting charge-distribution on the surfactant molecule, they can 
be divided into three main physico-chemical properties: hydrophobicity 
of the alkyl chain, hydrophilicity of the surfactant head group structure, 
and for ionic surfactants the electrostatic properties of the head group. The 
exact details on how these three physico-chemical properties determine the 
behavior of surfactants can be found in Chapters 1, 3 and 4. In summary, (i) the 
hydrophobic alkyl chain tends to push water molecules away and in turn has 
affinity with other hydrophobic compounds or surfaces, (ii) the hydrophilic 
head group will interact with water molecules through hydrogen-bonding 
and/or polarity, which results in a sphere of water molecules (hydration sphere) 
around the surfactant head group and thereby contributes to the solubility 
of the molecule, and (iii) the electrostatic property of anionic surfactants can 
affect the size of the hydration sphere but can also cause interactions between 
the surfactant and other charged sites. Whether the electrostatic property 
increases the hydration sphere or results in electrostatic interactions with 
other compounds, is dependent on the size and charge density of the anionic 
surfactant head group. Understanding the mechanisms, and quantifying the 
effects of these three physico-chemical parameters will result in an increased 
understanding of surfactant behavior and was therefore one of the main 
objectives of the present study. 

kC18 as a hydrophobicity parameter

The results from investigating and quantifying the hydrophobicity of nonionic 
and anionic surfactants are presented in Chapter 3. Retention factors (k’) for 
surfactants were calculated by using a liquid chromatography setup with a C18 
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stationary phase. These retention factors were extrapolated to a pure water 
phase (k’0) and fragment values for molecular fragments were subsequently 
calculated. In Chapter 6, k’0 was further denoted as the kC18 hydrophobicity 
parameter for surfactants. A similar approach with retention factors has been 
used earlier by Eadsforth et al.7 who used reference substances in order to 
calculate log KOW values of nonionic surfactants. However, the approach of 
Eadsforth et al.7 did not extrapolate retention factors to a stationary phase 
in pure water which is important because Figure 7.2 (taken from Chapter 3) 
shows that the relationship between j, the organic solvent concentration in 
the mobile phase, and log k’ can differ between surfactant groups. 

Probably unbeknownst to Eadsforth et al.,7 the log KOW values that they used for 
the surfactant-like reference compounds were all determined in earlier studies 
by using similar HPLC or GC approaches and can therefore not be considered 
true experimental KOW values. Because of their unique characteristics it is 
very difficult, if not impossible, to find appropriate reference substances for 
surfactants. Hydrotropic compounds, which act like surfactants but have no 
critical micelle concentration value (Chapter 1), may come close to being 
reference compounds. Still, they also cause emulsions in octanol-water 
mixtures. Besides the fact that the emulsifying property of surfactant-like 
compounds prevents a reliable measurement of KOW constants, the alcohol 
group of octanol provides the molecule with hydrophilic properties. As a 
result, octanol cannot be considered a pure hydrophobic phase. Furthermore, 
HPLC measurements for the kC18 parameter were performed in the presence 
of ammonium acetate in the present study, and therefore also not in a pure 
hydrophilic/ hydrophobic two-phase system. Ammonium acetate seems to 
influence the retention of all surfactant groups in a similar way. This suggests 
that ammonium acetate interacts more by shielding background charge-
effects from possible residual silanol groups on the C18 stationary phase rather 
than directly interacting with the surfactant molecules. Because of this, we 
argue that the kC18 parameter is likely a better proxy of the actual hydrophobic 
character of surfactants than any estimation of the KOW value for these 
compounds. 
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kHILIC as a hydrophilic interaction parameter 

The hydrophilicity of the surfactant head group was quantified by 
measuring the retention of the surfactants on a hydrophilic interaction liquid 
chromatography (HILIC) stationary phase. Retention due to hydrophilic 
interaction of surfactants on the HILIC phase only occurred if the mobile phase 
consisted of more than roughly 80% organic solvent in the mobile phase and 
hydrophobicity related retention dominated at lower organic solvent fractions. 
The organic solvent fraction j vs log k’ relationship is nonlinear and it is thus 
not possible to extrapolate retention factors to a pure water phase. Instead, 
the increase in log k’ due to hydrophilic interactions of the surfactant head 
group with the stationary phase was used to quantify hydrogen-bonding 
interactions of the surfactants with the HILIC phase which resulted in the 
hydrophilic interaction parameter log kHILIC. This approach is discussed in more 
detail in Chapter 4. To date, retention of surfactants on HILIC columns has 
only been studied to optimize surfactant analysis and improve separation of 
surfactant mixtures8,9 and Chapter 4 presents the first approach wherein a HILIC 
column is used for the quantification of the hydrophilicity of surfactants. There 
is still much debate concerning the exact mechanisms that drive retention of 
surfactants at high organic solvent fractions on HILIC columns and there is 
yet no absolute certainty whether retention of surfactants is indeed an effect 
of hydrophilic interactions only.10,11 Values of log kHILIC presented in Chapter 
4 make it clear that retention is probably closely related to the hydration of 
the surfactant head group. Ibrahim et al.12 showed that less hydrated anionic 
compounds are barely retained by the HILIC column which is consistent with 
the very low log kHILIC values for perfluoroalkyl sulfonates observed in the 
present study (see Table 6.2). 

Because some anionic surfactants in this study were barely retained by the 
HILIC column, it is difficult to use log k’ or log kHILIC values to express their 
hydrophilicity. However, nonionic alcohol ethoxylates were better retained 
by the HILIC column and the effect of the number of ethoxylate units on 
their hydrophilicity appeared to be well defined by log kHILIC (Table 7.1). 
Earlier published QSAR models for alcohol ethoxylates usually consisted of a 
multilinear regression equation that contains two structural parameters: the 
number of carbon atoms in the alkyl chain (Cx) and the number of ethoxylate 
units (EOx) of the head group.13,14 However, the retention measurements and 
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the log kHILIC parameter showed that interactions between alcohol ethoxylates 
and the HILIC column are not linearly related to the number of EO units: the 
increase in log kHILIC values became less with every additional ethoxylate unit 
added to the head group (see Table 6.2). In Chapter 6, a QSAR approach using 
the log kC18 and log kHILIC parameters is compared with a QSAR model from 
van Compernolle et al.13 where the number of carbon atoms and ethoxylate 
units are used as input parameters. The QSAR model in the present study 
fitted the experimental data better than the QSAR from van Compernolle et 
al.13 (R2 = 0.76 vs R2 = 0.64). The QSAR models presented in Chapter 6 therefore 
showed that log kHILIC better reflects the effect of the hydrophilicity of nonionic 
surfactants than simply counting the number of ethoxylate units.

kAX as an electrostatic interaction parameter 

The physico-chemical properties of surfactants determine their hydration 
sphere in water and the latter, in turn, affects the extent of their interaction 
with other phases (see Chapter 1). Because some anionic surfactants are not 
well hydrated, they were hardly retained on the HILIC column and the resulting 
kHILIC interaction parameter was not suitable to express the hydrophilicity 
of anionic surfactants. In Chapters 1 and 4, it was shown that the size of 
the hydration sphere affects the retention of the analytes in HILIC and WAX 
columns in inverse ways: not well hydrated anionic compounds that were 
barely retained on the HILIC column were better retained on the WAX column. 
All anionic surfactants tested were indeed well retained on the WAX column 
and by extrapolating their log k’ values to a pure water phase, an electrostatic 
interaction parameter, log kAX could be determined. While the retention 
of anionic surfactants on anion-exchange columns has been studied for 
separation purposes, there are no previous studies that focused on comparing 
the electrostatic character between different anionic surfactant groups. As 
discussed in Chapter 1, the electrostatic character of the surfactant molecule 
depends on the size and charge density of the head group and this affects 
the surrounding water molecules and the formation of the hydration sphere. 
From this perspective, studies that focused on investigating the hydration of 
different anionic surfactants came nearest to describing the effect of their 
electrostatic character. The original hydration concept from Hofmeister (1888) 
mostly concerned the behavior of inorganic ions and their counter ions in 
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water15 and most research papers dealing with hydration therefore studied the 
effect of various salts on the hydration of ionic compounds. Vlachy et al. (2009) 
used model simulations to study the interactions between anionic surfactants 
and small positively charged ions and proposed a Hofmeister-like series for 
a small group of anionic surfactants with an ordering from kosmotropic to 
chaotropic compounds: CxCO2

- > CxSO4
- ≈ CxSO3

-.16 Yan et al. (2010) continued 
by modelling water coordination numbers around CxSO3

- and CxSO4
- and 

determined that CxSO3
- has more difficulty to undergo ion-pairing with Ca2+ 

or Mg2+ than CxSO4
-.17 Such observations about the hydration and electrostatic 

interactions of these surfactants showed that hydration and electrostatic 
character of surfactants are perpetually linked. From this point of view, kAX 
expresses the hydration of anionic surfactants in the presence of ammonium 
acetate (mobile phase) and an amine group (stationary phase) and the kAX 
values may constitute an expanded Hofmeister series for anionic surfactants 
with its order from kosmotropic to chaotropic: CxCO2

- > CxSO3
- > CxSO4

- > 
PFCxCO2

- > PFCxSO3
- > CxBzSO3

- (*Note that the benzene structure in CxBzSO3
- 

may additionally contribute to retention through hydrophobicity or cation–p 
interactions*). Ordering these surfactant groups using the kAX parameter 
finally allows for a comparison of the properties of different surfactant 

Figure 7.3: The pros (green) and cons (red) of approaches in ecological risk assessment 

methods based on the level of biological organization (adapted from Rohr et al.18).
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groups. The ecotoxicity QSAR model for anionic surfactants presented in 
Chapter 6 furthermore showed the utility of kAX as an electrostatic interaction 
parameter. This QSAR model is the first surfactant QSAR that incorporates 
both aliphatic and perfluorinated surfactant groups. The kAX parameter 
contributes considerably to the fit of the experimental data, increasing the R2 
value from 0.85 to 0.98 compared to the situation where only kC18 is used as a 
hydrophobicity parameter (Chapter 6, Table 3, and Table S11B). 

Conclusion

Most studies on surfactant behavior in the environment focus on a specific 
surfactant group and often study a single (partition) parameter (e.g., octanol-
water partitioning (KOW), lipid-water partitioning (KLipW) or organic carbon-
water partitioning (KOC)). Such parameters basically portray the partitioning 
or distribution of the compound between water and a single counter phase 
as a result of the compound’s physico-chemical properties. Focusing on the 
different individual physico-chemical properties of surfactants not only results 
in a better understanding of the mechanisms that drive surfactant behavior, 
but quantifying these properties may allow for a more accurate prediction 
of their partitioning or distribution from water to other phases in the 
environment. Chapters 3 and 4 show that the kC18 hydrophobicity parameter, 
kHILIC hydrophilic interaction parameter and kAX electrostatic interaction 
parameters furthermore allow for the distinction between different surfactant 
head groups or between hydrocarbon or perfluorocarbon moieties. The KOC 
and ecotoxicity QSARs in Chapter 6 further demonstrate the usefulness of 
these interaction parameters in predicting the environmental properties of 
nonionic and anionic surfactants using a QSAR approach.
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RISK ASSESSMENT OF SURFACTANTS

Investigating the effects of chemicals in the context of ecological risk 
assessment can be conducted at several levels: from more fundamental 
approaches that focus on the physico-chemical properties and behavior of a 
single molecule, to complex and statistical models that show the effects of 
chemicals on populations or ecosystems (Figure 7.3).

While both an in depth as well as a broad investigation is preferred for a better 
understanding of chemical behavior, this is not always straightforward due 
to pros and cons of both approaches.18 Studying the effects of chemicals on 
individuals and populations is highly relevant but also very complex and time 
and resource consuming. Instead, studying the physico-chemical properties 
of chemicals can easily be performed within a short time and is relatively 
cheap compared to more complex studies. However, understanding the 
physico-chemical properties of chemicals seems to be much less relevant 
to risk assessors than knowing the effect of these chemicals on a whole 
population. It is therefore most beneficial to use models that are somewhere in 
the middle between the molecular level and the population level. For the risk 
assessment of newly produced chemicals, risk characterization involves the 
identification of the hazard of the chemical as well as the extent of exposure 
to the chemical. The degree of risk assessment varies depending on the type 
of chemical. For environmental risk assessment of many organic chemicals, 
common endpoints are the identification of toxicity and bioaccumulation. 
Acute and chronic toxicity are often determined using Daphnia magna toxicity 
tests (OECD Test no. 202 and 211).19,20 The bioaccumulation potential is usually 
measured with fish uptake and depuration studies of organic compounds 
(OECD test no. 305).21 Bioaccumulation of organic compounds depends on 
variables such as uptake and elimination rates. Generally, bioaccumulative 
compounds will in time elicit high exposure levels and therefore constitute 
a potential risk to upper trophic level organisms. Bioaccumulation models 
often predict the bioaccumulation potential of a compound by using physico-
chemical parameters to relate external to internal tissue concentrations. 
Because organisms mostly consist of water and lipids, the determination of 
lipid-water partition parameters of a chemical plays an important role when 
assessing its bioaccumulation potential. Lipid-water partitioning is most 
commonly quantified by measuring the octanol-water partition constant 
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KOW. When KOW values are for some reason not measurable, the solubility 
of the compound in the octanol phase relative to its solubility in the water 
phase may be used to estimate a KOW partition constant. Alternatively, 
reference compounds can be used to approximate KOW values using HPLC, or 
computational programs with fragment-based approaches. For surfactants, 
KOW values are not directly measurable (see Chapter 1) and using HPLC to 
derive KOW values is not recommended due to experimental difficulties and a 
general lack of appropriate reference compounds (see previous section and 
Chapter 3). Furthermore, since surfactants do not have a maximum solubility 
but a critical micelle concentration (CMC) (see Chapter 1), the relative 
solubility approach to derive a KOW value cannot be used either. Because most 
bioaccumulation models rely on the input of KOW data, attempts are still being 
made to approximate KOW values for surfactants. As a consequence, various 
corrections to predicted and experimental KOW values are often applied to 
correct for the anionic and surface-active character of surfactants. There are 
several approaches that contribute to the risk assessment of surfactants and 
a few of these are shown in Table 7.1 where they are ranked using zero to four 
stars depending on their efficiency, relevance and applicability for surfactants.

Ranking of methods

The approaches shown in Table 7.1 are ordered in four groups mainly based 
on their relevance for risk assessment purposes (see Figure 7.3). The number 
of stars given for ‘relevance’ for each approach is determined by its relevance 
to risk assessment. For example, predictor parameters play a very important 
role in bioaccumulation and (eco)toxicity models, but are by themselves 
less relevant for risk assessment because they often only express specific 
properties of a compound. These approaches are therefore ranked with one 
star (★☆☆☆) for relevance. Regression-based models are derived through 
statistical analysis of available data and often use physico-chemical properties 
and structural parameters (log KOW values and/ or structural fragments) as 
independent variables and are ranked with two stars (★★☆☆). Mechanistic-
based models further include estimated rate constants describing uptake 
and elimination processes, biological characteristics and environmental 
conditions and are ranked with three stars (★★★☆). Finally, measurement of 
endpoints like toxicity or bioaccumulation data that can be used as a training 
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and validation set for regression and mechanistic-based models are given four 
stars (★★★★) for their relevance to risk assessment. 

The ‘efficiency’ of each approach refers to the average time it takes to 
obtain results. Methods that are time-consuming and usually require more 
than 1 week of work, like experimental methods using fish or daphnids or 
polyacrylate-water partition experiments, are ranked with one star (★☆☆☆). 
Methods that require 1 week of work are ranked with two stars (★★☆☆), 1 
to 3 days of work with three stars (★★★☆), and methods that return instant 
results, such as computational calculation programs, are ranked with four stars 
(★★★★).

In the column ‘applicability’, the applicability of the method for surfactants 
has been ranked. While most approaches work well for nonionic and non-polar 
compounds, and some for anionic non-surfactant compounds, surfactants are 
often outside of the domain of applicability. Applicability received a slightly 
different ranking compared to relevance and efficiency: one star is provided 
for each distinct group of surfactants that the method can work with (max. 
three stars), and an extra star for whether the method can incorporate pH-
dependent effects (important for ionic compounds). The ranking is as follows: 
one star (★) when applicable for nonionic surfactants, one star (★) when 

Figure 7.4: Membrane-water partition coefficients (log KMW) for alkyl benzene sulfonates 

obtained using the TRANSIL method. 
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applicable for anionic surfactants, one star (★) when applicable for anionic 
perfluorinated surfactants., and one star (★) for incorporating pH dependent 
efffects. Some common approaches that have no applicability for surfactants 
at all, like octanol-water partitioning are rated with zero stars.

Predictor parameters

Predictor parameters are usually obtained either through experimental 
measurements or calculations by computational programs. While both are 
equally ranked in Table 7.1 according to their relevance, experimentally 
measured parameters are often more reliable than parameters derived 
from computational calculations. The approximations of KOW values by 
computational methods (e.g., by using SPARC or COSMOTherm) score 
high in efficiency but low in applicability because of a lack of experimental 
reference data for surfactant-like compounds. Some models developed for 
ionic compounds use octanol-water distribution constants (DOW) which are 
experimentally derived by measuring KOW under various pH’s or are obtained 
by correcting KOW values for the neutral fraction of the ionic compound at a 
certain environmental pH. To transform KOW values to DOW, reliable KOW values of 
the neutral fraction (KOW,N) and a pKa value of the compound are needed which 
are both currently not available for most surfactants. The applicability of most 
of the predictor parameter approaches is thus very low for surfactants and 
this was also the main reason for performing the present study. For obvious 
reasons, the KOW value obtained using the slow-stirring method is a parameter 
that is not suitable for surfactants and as a consequence other predictive 
methods that use (approximated) KOW values as predictor have a similar 
low applicability for surfactants. Chapter 2 showed that polyacrylate-water 
partition constants can be obtained for nonionic surfactants (hence the single 
star under applicability) but score very low on efficiency as the equilibrium 
time for anionic surfactants can be in the range of 2 to 3 weeks. The same 
goes for the liposome-water partition method which has a low efficiency 
because preparation and execution of the method takes more than a week 
per compound. Currently, KLipW values have only been obtained for nonionic 
surfactants.22 

The three highest ranking approaches under physico-chemical parameters 
are (i) TRANSILTM, (ii) a HPLC retention method using retention on an 
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Immobilized Artificial Membrane column (IAM-HPLC), and (iii) the HPLC 
retention method to obtain kC18, kHILIC and kAX interaction parameters. Note 
that in this Chapter “kC18-kHILIC-kAX-HPLC” is used when discussing the kC18, kHILIC 
and kAX interaction parameters (Chapters 3 and 4), and “kC18-kHILIC-kAX-QSAR” 
is used when discussing the QSAR approach that was later developed from 

Figure 7.5. Different parameters and relevant models for the prediction of 

environmental endpoints: example for bioaccumulation. Regression based models 

(see Chapter 6 and Fu et al.26) generate ‘black-box’ relationships between predictor 

parameters and endpoint data, while mechanistic based models29,25 go more into detail 

and use input variables related to underlying biological processes. The poly-parameter 

linear free energy relationships (pp-LFER) include, besides hydrophobicity and van der 

Waals interactions, parameters for polarizability (Si) and hydrogen-bonding (Ai and 

Bi).
30,31 However, pp-LFER models are normally used for the prediction of environmental 

parameters of neutral compounds and anionic surfactants are outside of their domain 

of applicability. Predictive parameters marked with (*) have a clear link to specific 

molecular interactions.

! KOW
! KLipW
! KMW
! Si (polarizability)*a

! Ai (Hydrogen-bond donating)*a

! Bi (Hydrogen-bond accepting)*a

! kC18*
! kHILIC*
! kAX*

! pp-LFER relationships
! QSAR models

Bioaccumulation

Predictive 
parameters

Endpoint

Regression 
based models

(Y = aX1 + bX2 +...)

! BIONIC
! BCFBAF

Mechanistic 
based models

Biological information 
about organisms

! Compartment size
! Weight
! Gill surface
! Lipid composition

! Biotransformation rates
! Uptake and elimination rate constants
! Partition coe�cients in relevant phases 

(membrane lipids, storage lipids, plasma)

Speci�c organism 
related constants



226

these physico-chemical parameters (Chapter 6). The TRANSILTM method 
uses phosphatidylcholine bilayer membranes that are immobilized on silica 
beads in a support medium and allows for the measurement of membrane-
water partition (KMW) coefficients. The partition coefficients are determined 
by measuring start and end concentrations, before and after equilibration, 
of the analyte in the support medium. This method was also employed as 
part of the current study but was only applied to alkyl benzene sulfonates 
(Figure 7.4). Obtaining results using TRANSIL usually takes about 1 week per 
compound and the applicability is somewhat limited by the difficulty to detect 
compounds with high or low sorption coefficients. TRANSIL is therefore only 
suitable for compounds with KMW between ~2 and ~5, which translates for alkyl 
benzene sulfonates to compounds with a linear alkyl chain length from ~C4 
to C10 (Figure 7.4). Dr. Steven Droge from the IBED institute at the University 
of Amsterdam has further developed this method to be suitable for other 
anionic surfactants such as alkyl sulfates, alkyl sulfonates and perfluoroalkyl 
carboxylates (S. Droge, personal communication, April 11, 2018) resulting in 
an affinity ranking of three stars in Table 7.1. 

In another publication, Droge et al. (2017) approximated KMW values for 
cationic surfactants using HPLC with an IAM column.23 The IAM-HPLC column 
is packed with porous silica particles covered with a monolayer coating of 
covalently linked dialkyl-phospholipids, and retention on these particles can 
be related to the sorption affinity of the solutes. This method to obtain KMW 
values for surfactants has more recently been updated and proved also to be 
useful for alkyl sulfates, alkyl sulfonates and perfluoralkyl carboxylates albeit 
overestimating their KMW values with 0.2 to 1 log unit when compared with 
experimental KMW values from TRANSIL (S. Droge, personal communication, 
April 11, 2018). Compared with the TRANSIL and IAM-HPLC methods, which 
are used to obtain KMW values, the kC18-kHILIC-kAX-HPLC parameters stem from 
a more fundamental approach where different physico-chemical properties 
of surfactants are parameterized separately and can ultimately be applied in 
a QSAR approach to predict KMW values for surfactants. Currently, resulting 
parameters from all three methods are not optimized for effects of changing 
environmental pH or ionic strength. Because solution chemistry (such as pH 
and ionic strength) can differ between organs, tissues and soils, it is imperative 
to optimize parameters for such effects. Because of the relative ease and 
quickness of conducting HPLC experiments, such adjustments can easily be 
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explored for the IAM-HPLC and kC18-kHILIC-kAX-HPLC methods and for the latter 
actually only a correction factor is required for the kAX interaction parameter 
because pH and ionic strength mostly affect the electrostatic and ion-pairing 
effect of anionic surfactants.

Regression-based and mechanistic-based models

Regression-based models generate ’black-box’ relationships between predictor 
parameters and endpoint data. Instead, mechanistic-based models go more 
into detail on how different input variables and data are related to underlying 
biological processes (Figure 7.5). For example, mechanistic-based BCF models 
often integrate the uptake, excretion and possible biotransformation rates 
of compounds in organisms. Mechanistic-based models are therefore more 
complex and detailed compared to regression-based models, but also require 
more knowledge and understanding of the modelled system or organism. 
Three regression-based models and two mechanistic-based models relevant 
for ionic substances presented in Table 7.1. Three of these models, the EPISUITE 
BCFBAF model from Arnot and Gobas (2003),24,25 a BCF estimation model from 
Fu et al. (2009),26 and a BCF estimation model from Dimitrov et al. (2012)27 are 
optimized for predicting BCF values of ionic compounds. These models use 
KOW values that are corrected for the fraction of neutral molecules using the pKa 
value of the compound (log DOW). For surfactants, these KOW values will have to 
be calculated and pKa values are mostly approximated. As explained in the 
previous section, such KOW approaches have no applicability for surfactants and 
these models therefore rank zero stars in applicability for surfactants. The high-
ranking regression-based kC18-kHILIC-kAX-QSAR approach presented in Chapter 6 
does not rely on any KOW value but instead uses interaction parameters which 
have been grouped earlier under ‘Predictor Parameters’ in Table 7.1 (kC18-kHILIC-
kAX-HPLC). This approach is therefore applicable to a wide range of surfactant 
groups, including some perfluorinated surfactants. Because of the relatively 
simple QSAR approach, new QSAR models can easily be generated for various 
endpoints provided that enough experimental data are available. Still, unlike 
the mechanistic-based BIONIC model, this regression-based model does not 
take into account biotransformation in organisms, and is (currently) not able 
to correct for varying pH between different compartments (e.g., cells, plasma, 
etc.). The mechanistic-based BIONIC model therefore receives a higher ranking 
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on relevance because it takes into account the uptake, elimination and 
biotransformation of the compound when approximating BCF values. BIONIC 
furthermore takes into account varying pH between compartments and has 
recently been used for the prediction of BCF values for the perfluorinated 
surfactants PFOA and PFOS. Compared with experimental BCF data, the 
original model overestimated the uptake and elimination rates of PFOA 
and PFOS. In order to obtain better results, a correction factor was applied 
to the gill permeability constants.28 The BIONIC model is therefore ranked 
with two stars for applicability because the model has to be adjusted when 
switching from aliphatic ionic compounds to perfluorinated ionic compounds. 
Furthermore, the pH dependency that is incorporated into this model, also 
uses a calculated DOW value for ionic compounds which may be the reason for 
the overestimation of the BCF values for PFOA and PFOS. Nevertheless, the 
BIONIC model is a promising BCF model due to its incorporation of uptake, 
excretion and biotransformation rates. However, more experimental data and 
predictor parameters are required in order to optimize this model for anionic 
surfactants. 

Measurement of endpoints

Most modelling and other approaches that aid in making decisions for risk 
assessment purposes largely depend on the generation of endpoint data for 
chemical compounds and such data therefore have the highest relevance for 
risk assessment. Methods such as the fish bioaccumulation test (OECD 305),21 
acute or chronic toxicity tests with daphnids (OECD 202 and 211)19,20 and fish 
toxicity tests (OECD 203)32 return data that give missing information on the 
effects of a chemical at the individual level as well as on the population level. 
Endpoint data from these methods can subsequently be used to validate 
lower tier model outputs (Figure 7.1). In Table 7.1, all these approaches score 
equally regarding relevance, efficiency, and applicability. They rank low in 
efficiency because they are mostly time and resource consuming. In Chapter 
5, we discussed the difficulty of acquiring acute D. magna toxicity data for 
anionic surfactants which was caused by the high ionic strength of the test 
medium, resulting in exceedance of the solubility of the tested surfactants. 
The same likely applies for the D. magna chronic toxicity test. Experimental 
bioaccumulation studies have been reported in literature for the anionic alkyl 
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benzene sulfonates, some perfluorinated surfactants and a few nonionic 
surfactants but results are difficult to compare since the species tested often 
differ per study.33–35 Besides the lack of a uniform dataset for toxicity and 
bioaccumulation of surfactants, endpoint measurements often show a high 
variability in EC50 or BCF values between studies. Hence, more experimental 
data is needed to form a robust validation set for anionic surfactants in order 
to improve the accuracy of bioaccumulation or toxicity models for these 
compounds.

Conclusions

Approaches and methods that study or document the behavior and effects 
of chemicals can be divided into different levels of complexity. While the 
relevance for risk assessment of the different approaches increases with each 
tier, the efficiency decreases as more resources are needed for broader and 
more complex studies (Figure 7.1). Currently, the most suitable approach – 
resource- and result-wise – is the prediction of BCF values for chemicals using 
BCF models. However, these models are heavily dependent on predictor 
parameters as input variables and endpoint measurements for validation. 
Currently, too many predictor parameters used in BCF models are in one 
way or another related to KOW values and are therefore less applicable to 
surfactants. The few prediction parameters that are applicable for surfactants 
are membrane-water partition coefficients (KMW) using TRANSIL or IAM-HPLC 
and the kC18-kHILIC-kAX-HPLC interaction parameter approach from the current 
study (see, Chapters 4 to 6). These three approaches are promising and both 
HPLC approaches are effective and relatively quick in producing results for 
surfactants. The regression-based kC18-kHILIC-kAX-QSAR models are suitable for 
simple predictions of environmental parameters such as the BCF or KOC (organic 
carbon sorption coefficient) of surfactants, but lack important additional 
mechanisms like elimination or biotransformation in organisms. Instead, the 
more detailed mechanistic-based BIONIC model shows that predicting BCF 
data for anionic surfactants has come a long way and is even optimized for 
some perfluorinated surfactants. However, the BIONIC model would benefit 
from more robust non-KOW related predictor parameters and both the BIONIC 
model and the kC18-kHILIC-kAX-QSAR approaches need more reliable endpoint 
measurements for validation.
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Modifying the presented QSARs for surfactants with branched 
alkyl chains 

The QSARs presented in the current study are developed for non-branched 
surfactant groups. However, many surfactants commercially used nowadays, 
and surfactant-like byproducts or impurities, are found to have branched alkyl 
chains. An example are alkyl benzene sulfonates whereof a branched variant 
(Cx-y-BzSO3

-) was initially produced for commercial use before switching to 
a linear variant (CxBzSO3

-) because of environmental issues (Chapter 1). In 
branched variants of alkyl benzene sulfonates, the benzene sulfonate group 
is not connected to the end of the alkyl chain but is rather located halfway or 
close to the end of the alkyl chain. A commonly studied alkyl benzene sulfonate 
is C12-2-BzSO3

- (or C12-2-LAS), where the benzene sulfonate group is attached 
to the second (b-)carbon atom in the 12-hydrocarbon long alkyl chain. For 
alkyl benzene sulfonates, branching of the alkyl chain usually results in a 
lower hydrophobicity, e.g., C12-2-BzSO3

- is less hydrophobic than C12-1-BzSO3
-, 

but is more hydrophobic compared to C11-1-BzSO3
- (Chapter 3). In reversed 

phase HPLC, branched-chain compounds elute with shorter retention times 
compared with their corresponding linear isomers because the overall surface 
area is decreased.36 In order to incorporate such branched surfactants into the 
current kC18-kHILIC-kAX-QSAR approach, likely only the kC18 parameter will have to 
be redefined because the alkyl chain does not affect kHILIC and kAX parameters 
(Chapter 4). 

Quantifying the effect of pH

A very important aspect that is lacking in most predictive models is pH-
dependence of predictor parameters. The DOW approach is currently used 
in some models in order to incorporate pH dependence. However, for this 
approach, reliable KOW and pKa values are needed which is problematic 
when applied to surfactants. Models like BIONIC may profit more from using 
KMW constants measured under various pH values (DMW) as an alternative to 
using DOW. Determination of DMW might prove difficult when using the IAM-
HPLC method due to ionic strength and pH-specific circumstances within 
the IAM column when KMW is determined (Droge, personal communication). 
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Determination of DMW might be better achievable when using TRANSIL because 
the test medium allows for easy manipulation. An efficient option may also be 
to quantify the pH effect using the kC18-kHILIC-kAX-HPLC interaction parameters. 
Currently, these interaction parameters and the kC18-kHILIC-kAX-QSAR are unable 
to reflect the influence of changing pH. However, the electrostatic property 
of the head group plays a major role in how the surfactant is affected by 
changes in pH, and only the kAX electrostatic interaction parameter for anionic 
surfactants will likely have to be adjusted to incorporate the pH dependency. 
In the kC18-kHILIC-kAX-QSAR, extra variables should subsequently be added that 
can correct kAX for varying pH. The resulting QSAR can be used to generate DMW 
data for anionic surfactants and can subsequently be used as a replacement for 
DOW in BCF models like BIONIC. A similar approach can be followed to quantify 
the effect of ionic strength. The kC18-kHILIC-kAX-HPLC interaction parameters 
express important physico-chemical properties of surfactants and they can 
be incorporated as fundamental interaction parameters for a wide range of 
models. 
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CONCLUDING REMARKS 

This thesis is the result of a project that aimed to develop new parameters 
to be used in the prediction of the environmental properties of nonionic and 
anionic surfactants. Physico-chemical properties of nonionic and anionic 
surfactants were extensively investigated using SPME fibers and specific 
stationary phases used in HPLC. The current thesis was able to fill some gaps in 
the existing scientific knowledge of surfactants by presenting newly acquired 
data and insights:

Investigating surfactant characteristics can effectively be done using HPLC 
retention measurements. This approach is relatively simple and quick 
compared to batch studies (e.g., with SPME fibers);

• The determination of polyacrylate-water partition coefficients can be 
applied successfully to nonionic surfactants. For anionic surfactants, 
more experimental work has to be performed by using other SPME 
phase coatings (such as C18 fibers);

• Surfactant interactions with water and other matrices are directly 
related to the hydration structure around the surfactant molecule;

• New interaction parameters for the hydrophobic (kC18), hydrophilic 
(kHILIC) and electrostatic (kAX) character of nonionic and anionic 
surfactants were defined using HPLC retention measurements;

• The newly developed QSAR models show the usefulness of the 
abovementioned molecular interaction parameters;

• More endpoint measurements for nonionic and anionic surfactants 
are needed in order to develop more robust relationships between 
predictive parameters and environmental properties;

• Future research should focus on quantifying the effect of ionic strength 
and pH on surfactant behavior. 

In conclusion, the link between environmental properties and molecular 
interactions of surfactants can be considered a multi-faceted problem which 
requires a good understanding of the chemical behavior of surface-active 
compounds. This chemical behavior depends on the size of the alkyl chain 
(hydrophobicity) and the type of head group (hydrophilicity and electrostatic 
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property) as well as on the concentration of the surfactant and the solution 
chemistry (pH and ionic strength). A large part of work performed in this thesis 
will provide risk assessors with the appropriate tools and concepts that aid 
in the prediction of distribution, toxicity and bioaccumulation of anionic and 
nonionic surfactants in the environment.
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SUMMARY

Background

Newly produced chemicals have to be thoroughly tested for their short and 
long term effects on organisms as well as for their behavior and pathways in the 
environment before they can enter the market. Because of the ever-increasing 
production and constant development of novel synthetic compounds, 
experimental testing of each compound can be a tedious and very costly 
process. The time and energy costs of chemical testing can be facilitated 
with the development of predictive parameters and models that can act as 
simple representations of complex real-world systems. In environmental risk 
assessment, it is therefore essential to understand the relationship between 
molecular structure and fate and toxicity of organic contaminants.

Surfactants are a group of chemicals whereof one part of their molecular 
structure has a high affinity with water and easily dissolves in the water phase, 
while the other part has no affinity with water but likes to dissolve in an oil or 
fat-like organic solvent. Having these contrasting properties present within a 
single molecule gives them very unique and useful properties, but also makes it 
difficult to measure basic parameters like the octanol-water partition constant 
(KOW). The KOW parameter plays a key role in environmental risk assessment 
and is often used as a predictive parameter in quantitative structure-activity 
relationship (QSAR) models. For surfactants, predictive parameters which can 
reflect their behavior, and that can be applied as input variables into robust 
predictive models, are not well defined. Such parameters, for describing the 
environmental fate, behavior and toxicological effects of surfactants, play a 
key role in their environmental risk assessment of organic chemicals.

Aim

The aim of this thesis is to identify a novel parameter or parameters for 
nonionic and anionic surfactants and use these as a tool to predict their 
environmental fate and behavior. The surfactant groups discussed in this 
thesis include one nonionic surfactant group (alcohol ethoxylates) and six 
anionic surfactant groups whereof four are aliphatic surfactant groups (alkyl 
benzene sulfonates, alkyl sulfonates, alkyl sulfates and alkyl carboxylates), and 
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two are perfluorinated surfactant groups (perfluoroalkyl carboxylates and 
perfluoroalkyl sulfonates). Two approaches were applied to investigate the 
properties of the surfactant molecule 1) Solid Phase Micro-extraction (SPME), 
in order to obtain polyacrylate-water partition coefficients for surfactants, and 
2) High Performance Liquid Chromatography (HPLC), where novel interaction 
parameters are derived by measuring the retention on several HPLC columns 
having different properties. Finally, the new interaction parameters have 
been used to develop new predictive QSAR models for anionic and nonionic 
surfactants.

Experimental work

Chapter 2 discusses the partition process between the SPME passive 
sampler polyacrylate and aliphatic nonionic and anionic surfactants. A log-
linear relationship was observed for the polyacrylate-water partitioning of 
nonionic surfactants (alcohol ethoxylates) and allowed for the determination 
of polyacrylate-water partition constants (KPaW). For anionic surfactants (alkyl 
carboxylates, alkyl sulfonates, alkyl sulfates and alkyl benzene sulfonates), 
partitioning showed a non-linear relationship and no KPaW partition constant 
could be determined for these compounds. The non-linearity was likely a 
result of specific (electrostatic) interactions of the anionic surfactants and it 
was concluded that a single partition constant or parameter will likely not be 
sufficient in predictive modelling of sorption of surfactants to environmental 
phases. 

Chapter 3 discusses the quantification of the hydrophobic property of the 
surfactants using HPLC with a C18 stationary phase. Here, retention factors of 
nonionic and anionic surfactants in pure water (k’0) were used in a multilinear 
regression in order to determine fragment values for different molecular 
fragments of the surfactants. It was observed that perfluorinated surfactants 
are more hydrophobic than aliphatic surfactants. The fragment values were 
later denoted as kC18 parameter values in QSAR studies (Chapters 6) that reflect 
the hydrophobic character of the surfactants. 

Chapter 4 discusses the quantification of the hydrophilic and electrostatic 
property of nonionic and anionic surfactants using HPLC with HILIC and WAX 
stationary phases. Nonionic surfactants and alkyl carboxylates were well 
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retained on the HILIC phase while some anionic surfactants (alkyl sulfates and 
perfluorinated surfactants) were barely retained. The opposite was observed 
on the WAX phase, where alkyl sulfates and perfluorinated surfactants were 
well retained and alkyl carboxylates showed lowest retention. It was concluded 
that retention on both phases was likely a result of the degree of hydration of 
the surfactant molecule. Two parameters were developed in order to quantify 
the hydrophilic (kHILIC) and electrostatic (kAX) properties of the surfactants.

In Chapter 5, the results of a universally accepted ecotoxicity test with anionic 
surfactants are presented and the usefulness of this test is further discussed. 
Because of the surface-active properties of the surfactant molecule, surfactant 
solutions are often not homogeneous mixtures. This makes it difficult to 
determine toxicity of surfactants to organisms living in the water phase. 
Furthermore, the electrostatic property of anionic surfactants can cause the 
molecules to precipitate when forming complexes with divalent inorganic 
cations in solution. Nevertheless, for some anionic surfactants, toxicity was 
observed and it was determined that ecotoxicity increases with a factor 4.5 per 
hydrocarbon moiety in the hydrophobic alkyl chain, and ecotoxicity increased 
with a factor 20 when a sulfate head group was replaced by a carboxylate head 
group. 

In Chapter 6, data from literature studies are used in combination with the 
interaction parameters kC18, kHILIC and kAX from Chapters 3 and 4 to develop 
novel QSAR models for anionic and nonionic surfactants. For most presented 
QSARs, the kC18 interaction parameter was mostly responsible for the 
goodness of fit of the model. However, for some QSARs of nonionic surfactants 
(bioconcentration factor and polyacrylate-water partition constants), using 
the kHILIC interaction parameter greatly enhanced the quality of the model 
fit. In the Daphnia magna toxicity QSAR model, the electrostatic interaction 
parameter considerably increased the goodness of fit. The relatively quick and 
easy measurable kC18, kHILIC and kAX interaction parameters allow the inclusion 
of different surfactant groups (including perfluorinated surfactants) into one 
single QSAR model.
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Conclusion

Most studies on surfactant behavior in the environment focus on a specific 
surfactant group and often study a single (partition) parameter. Focusing on 
the different individual physico-chemical properties of surfactants not only 
results in a better understanding of the mechanisms that drive surfactant 
behavior, but quantifying these properties allows for a more accurate 
prediction of their partitioning or distribution from water to other phases in 
the environment. In this thesis, it is shown that the kC18, kHILIC and kAX interaction 
parameters allow for the distinction between different surfactant head 
groups or between hydrocarbon or perfluorocarbon moieties. The presented 
predictive models further demonstrate the usefulness of these interaction 
parameters in predicting the environmental properties of nonionic and 
anionic surfactants using a QSAR approach.
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Het verband tussen de moleculaire interacties en 
milieurelevante eigenschappen van oppervlakte-
actieve stoffen 

Dit proefschrift gaat over het onderzoeksproject waar ik de afgelopen vier 
jaar als promovendus aan heb gewerkt. Het onderzoek gaat over het gedrag 
van een bepaalde groep chemische stoffen in het milieu. De stoffen waar het 
om gaat worden meestal surfactanten genoemd en hebben eigenschappen 
die vergelijkbaar zijn met zeep. In deze samenvatting zal ik toelichten wat de 
structuur is van dit onderzoek, binnen welke context het heeft plaatsgevonden, 
en wat de maatschappelijke én wetenschappelijke relevantie van mijn werk is.

Testen en reguleren van chemicaliën

Elke chemische stof, natuurlijk of door de mens geproduceerd, kan effect 
hebben op het functioneren van mens en milieu. De mate van dit effect hangt 
af van de hoeveelheid moleculen die er van de chemische stof aanwezig 
zijn, dit wordt ook wel uitgedrukt in dosis of concentratie. Voor de meeste 
stoffen geldt dat een zeer lage concentratie niet voor een meetbaar effect zal 
zorgen, maar bij het verhogen van de concentratie verandert deze situatie. 
Neem bijvoorbeeld roetdeeltjes die vrijkomen met de uitlaatgassen uit een 
verbrandingsmotor. Wanneer je op een ochtend op het schone Texel net 
langs die ene vrachtwagen fietst en per ongelijk een flinke teug roetdeeltjes 
inademt, zullen je longen hard aan het werk gaan om te zorgen dat zoveel 
mogelijk deeltjes weer naar buiten worden getransporteerd. Verder zal je 
lichaam, daar waar de roetdeeltjes eventueel schade hebben veroorzaakt 
aan de longen, het weefsel repareren. Tot zover heeft het één keer inademen, 
ofwel een lage dosis, van roetdeeltjes weinig effect op je functioneren. Maar 
stel nu dat je een jaar lang in Cairo gaat wonen, in 2018 de meest vervuilde 
stad op aarde, dan zal de dosis roetdeeltjes die je dagelijks inademt groter 
zijn dan je longen en lichaam kunnen verwerken. De drempelwaarde van 
de hoeveelheid roetdeeltjes die je lichaam aankan is dan overschreden en 
het verder inademen van vervuilde lucht zal je longen steeds meer schade 
toebrengen. Deze drempelwaarde, ofwel de minimale concentratie van 
een chemische stof waarbij een meetbaar effect optreedt wordt ook wel 
de effect concentratie of toxische concentratie genoemd en vormt de basis 
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voor regulering en wetgeving van chemicaliën. In het voorbeeld van de 
roetdeeltjes gaat het over de afhankelijkheid van onze maatschappij van 
auto’s en andere voertuigen, waarbij het inademen van uitlaatgassen als een 
soort noodzakelijk kwaad wordt gezien. Maar daar tegenover staat het risico 
voor de volksgezondheid dat, wanneer de toxische concentratie overtreden 
wordt, steeds groter wordt. Het is dus van maatschappelijk en uiteindelijk 
ook van economisch belang om de juiste kennis te hebben van deze toxische 
concentratie voor alle gebruikte en geproduceerde stoffen zodat we op basis 
van deze kennis de juiste wetgeving kunnen aannemen en maatregelen 
kunnen nemen tegen mogelijk vervuiling en gevaar. 

In Europa bestaat er een regulering voor de registratie, evaluatie en 
administratie van chemicaliën (REACH) waarin staat dat bedrijven 
veiligheidsinformatie (zoals toxische concentraties) moeten leveren van alle 
chemicaliën die geproduceerd of geïmporteerd worden. Per jaar worden er 
ongeveer 2000 nieuwe chemische stoffen op de markt gebracht en om aan 
REACH te voldoen moeten er daarom enorm veel toxiciteitstesten worden 
uitgevoerd. Dit is een tijdrovend en kostbaar proces, want het bepalen van de 
toxische concentratie van één stof kan tot wel enkele weken in beslag nemen. 
Als gevolg hiervan wordt er veel onderzoek gedaan naar alternatieve, snellere 
en goedkopere methoden waarmee toxische concentraties bepaald of zelfs 
voorspeld kunnen worden. Dit kan gedaan worden door bepaalde aannames 
te doen en zo het experimentele werk te versimpelen. We zien bijvoorbeeld 
vaak dat verschillende chemische stoffen (dus met verschillende vorm of 
structuur van de moleculen) toch bij een vergelijkbare concentratie toxisch zijn. 
Soms kan dit worden herleid naar bepaalde overeenkomstige substructuren 
in de moleculen, zoals een vergelijkbaar groepje atomen aan het uiteinde 
van het molecuul dat in elk van deze stoffen voorkomt, en waarschijnlijk 
zorgt voor vergelijkbare toxische concentraties. Met deze informatie is het 
mogelijk om, wanneer hetzelfde groepje atomen wordt gevonden bij een 
nieuw onderzochte chemische stof, een uitspraak te doen over de toxische 
concentratie. Zo zijn er veel alternatieve methoden beschikbaar om de 
effecten van chemische stoffen te voorspellen.
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Surfactanten 

Het project waar dit proefschrift uit is ontstaan, vraagt ook om de ontwikkeling 
van een nieuwe, snellere en dus efficiëntere methode om iets te zeggen over 
de toxische concentratie en het gedrag van een groep chemicaliën in het 
milieu. De groep chemicaliën waar het hier om gaat is genaamd surfactanten.
Surfactanten zijn chemicaliën die surface-active zijn. Dat wil zeggen dat ze 
actief zijn aan het oppervlak tussen twee vloeistoffen of tussen een vloeistof 
en een vaste stof. Een molecuul van een surfactant bestaat uit een kop en een 
staart, en heeft qua vorm iets weg van een spermacel (zie figuur 1.1). De kop 
van het molecuul is het meest aangetrokken tot water (hydrofiel), terwijl de 
staart van het molecuul vooral wordt afgestoten door water (hydrofoob). Om 
deze reden bevinden deze moleculen zich vooral aan het oppervlak van water, 
met de kop in het water en de staart richting de fase waaraan het water grenst, 
bijvoorbeeld lucht, of olie (zie figuur 1.2). De staart is ook meer aangetrokken 
tot vettige substanties, en hierdoor kunnen surfactanten een soort brug 
vormen tussen water en vet. Een van de meest bekende voorbeelden van 
surfactanten in het dagelijks leven is afwasmiddel. Vettige borden afwassen 
met water zonder afwasmiddel gaat meestal niet zo lekker omdat vet niet 
echt wil oplossen in water. Bij het afwassen van een vet bord met afwasmiddel 
verzamelen de surfactanten zich op het oppervlak waar het water in contact 
is met het vet, met de kop van de surfactanten in het water en de staart van 
de surfactanten in het vet. Op deze manier wordt het vet ingekapseld met 
surfactanten, wat ervoor zorgt dat het een emulsie kan vormen met water. 
Omdat het vet nu opeens deels kan oplossen in water gaat het afwassen 
met behulp van zeep veel efficiënter (zie figuur 1.2). Deze unieke eigenschap 
van het molecuul van surfactanten kan ook gebruikt worden om schuim te 
maken (inkapselen van luchtbellen met surfactanten en water), voor het 
creëren van een barrière op een oppervlak (zoals blusschuim op brandende 
olie), of het coaten van oppervlakken om deze waterafstotend te maken. 
Naast de wateraantrekkende hydrofiele, en waterafstotende hydrofobe 
eigenschap van het molecuul van surfactanten, kan de kop van het molecuul 
ook positief, negatief of neutraal geladen zijn. Op deze manier kan een 
surfactantenmolecule meer aantrekkingskracht hebben met andere geladen 
stoffen of oppervlakken of deze juist afstoten. Deze eigenschap wordt ook wel 
de elektrostatische eigenschap van surfactanten genoemd. 
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Er zijn veel stoffen met verschillende molecuulstructuren die vallen onder de 
groep surfactanten. Zo kan de staart bestaan uit fluorkoolstofgroepen, maar 
ook uit koolwaterstofgroepen en kan de kop een koolzuurgroep bevatten 
maar in plaats daarvan ook een zwavelzuur- of sulfonzuurgroep, zolang het 
gehele molecule maar bestaat uit een hydrofiel, hydrofoob en eventueel een 
elektrostatisch deel.

Het project

Voor veel groepen chemicaliën zijn inmiddels een aantal betrouwbare 
methoden ontwikkeld die gedrag en toxiciteit kunnen voorspellen zonder dat 
er langdurige experimenten moeten worden uitgevoerd. Maar deze methoden 
hebben moeite met stoffen die zich verzamelen aan een oppervlak en zijn 
daarom niet toepasbaar voor surfactanten. Alternatieve methoden en meer 
kennis is hard nodig, juist omdat wij mensen vooral uit water en vet bestaan 
- een omgeving waar surfactanten zich heel erg thuis in voelen. Het huidige 
project waar dit proefschrift een resultaat van is, vraagt daarom om onderzoek 
naar het ontwikkelen van nieuwe methoden die wel bruikbaar zijn om het 
gedrag en mogelijke toxiciteit van surfactanten te voorspellen. Het vraagt 
om twee aanpakken: 1) het beter begrijpen van het gedrag van surfactanten 
door de moleculen zelf goed te bestuderen, en 2) het ontwikkelen van een 
methode waarmee het gedrag van surfactanten in het milieu is te voorspellen.

Het proefschrift

Dit proefschrift is onderverdeeld in vier delen. Het eerste deel is inleidend en 
gaat over wat er al bekend is over surfactanten. In het tweede deel Chemical 
properties of surfactants (hfst. 2, 3, 4) wordt ingegaan op de moleculaire 
eigenschappen van surfactanten, waarom ze zich gedragen zoals ze doen, 
en hoe dit uitgedrukt kan worden in waarden en parameters. Het derde deel 
Environmental properties of surfactants (hfst. 5, 6) gaat over de eigenschappen 
van surfactanten in het milieu en hoe deze te voorspellen zijn. In dit deel 
worden deze milieu-eigenschappen gecombineerd met de resultaten van 
moleculaire eigenschappen uit deel twee, en wordt een nieuw ontwikkelde 
methode gepresenteerd die kan worden gebuikt om bepaalde milieu-
eigenschappen van surfactanten te voorspellen. In het vierde deel (hfst. 7) 
worden de resultaten van alle eerdere hoofdstukken herbesproken met oog 
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op de toevoeging aan de huidige surfactantenkennis in de wetenschap.

Moleculaire eigenschappen van surfactanten

In hoofdstuk 2 wordt de conclusie getrokken dat het moeilijk is om met één 
enkele methode de vele eigenschappen van de verschillende surfactanten 
moleculen te beschrijven. In dit hoofdstuk wordt gebruik gemaakt van 
Solid Phase Micro-Extraction  (SPME) om de verdeling van surfactanten 
tussen water en een polymeer te meten. Deze verdeling is afhankelijk van 
de molecuulstructuur van de surfactant, maar daarnaast ook erg afhankelijk 
van externe factoren zoals de zuurgraad (pH) en het zoutgehalte van het 
water. De experimenten zijn daardoor moeilijk te controleren en de resultaten 
uit deze methode zijn daarom niet makkelijk te extrapoleren naar andere 
situaties zoals verdeling tussen bijvoorbeeld cellen en bloedplasma. In 
hoofdstukken 3 en 4 wordt daarom gebruik gemaakt van High Pressure 
Liquid Chromatography (HPLC) waarmee het mogelijk is om meer naar de 
individuele eigenschappen van de moleculen te kijken. Zo worden er in deze 
hoofdstukken nieuwe parameters gepresenteerd waarmee de hydrofobe 
en hydrofiele karaktereigenschappen van de moleculen apart kunnen 
worden beschreven. Ook wordt er een parameter geïntroduceerd voor de 
elektrostatische eigenschap van de surfactantmoleculen, ofwel de mate van 
aantrekking tot andere geladen deeltjes.

De surfactanten met fluorkoolstofgroepen in hun staartdeel blijken 
veel meer waterafstotend of hydrofoob te zijn dan surfactanten met 
koolwaterstofgroepen. Daarnaast is de aantrekkingskracht van de kop van 
de surfactanten tot water erg afhankelijk van de molecuulstructuur van dit 
deel van de surfactanten. Verder kan de aantrekkingskracht van de kop van 
de surfactanten tot water ook groter worden wanneer deze kop sterk negatief 
geladen is. Tegelijkertijd wordt de aantrekkingskracht tussen de deze ‘kop’ 
en andere geladen deeltjes of oppervlakten dan juist weer kleiner. In deze 
hoofdstukken wordt geconcludeerd dat, - in het milieu -  de hydrofobe, 
hydrofiele, en elektrostatische eigenschappen van de surfactantmolecule 
erg afhankelijk zijn van hoe de watermoleculen om de surfactant zijn 
gepositioneerd. Dit wordt weer bepaald door de ladingsverdeling over het 
molecule, welke dan weer volgt uit de eigenschappen van de atomen in de 
moleculestructuur. Het zou dus mogelijk moeten zijn om de ladingsverdeling 
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over het oppervlak van een surfactantenmolecule te berekenen en dat 
vervolgens te gebruiken om iets te kunnen zeggen over hoe deze stoffen zich 
gedragen in mens en milieu. 

Milieu eigenschappen van surfactanten

In hoofdstuk 5 worden met behulp van toxiciteitstesten met watervlooien 
nieuwe toxische concentraties gepresenteerd van een aantal surfactanten. 
Er wordt geconcludeerd dat de toxiciteit van deze stoffen toeneemt met de 
lengte van de staart van de surfactant. Ook blijkt de structuur van de kop van 
de surfactant invloed te hebben op de toxiciteit. In hoofdstuk 6 wordt gebruik 
gemaakt van de gemeten toxiciteitsconcentraties uit hoofdstuk 5 en data 
uit de literatuur over toxiciteit, sorptie en verdeling van surfactanten in het 
milieu, om vervolgens samen met de eerder genoemde parameters voor de 
hydrofobe, hydrofiele en elektrostatische eigenschappen een nieuw model te 
ontwikkelen. Het model dat in dit hoofdstuk wordt gepresenteerd laat zien dat 
de nieuw geïntroduceerde parameters voor de moleculaire eigenschappen 
van surfactanten eigenlijk goed gebruikt kunnen worden om het gedrag van 
surfactanten in het milieu te voorspellen.

Conclusie

In hoofdstuk 7 wordt de wetenschappelijke waarde van alle eerdere 
hoofdstukken besproken. Het is uiteindelijk erg belangrijk om eerst de 
moleculaire eigenschappen van surfactanten goed te kunnen begrijpen 
voordat er een robuuste alternatieve voorspellende methode voor deze 
stoffen kan worden gecreëerd. De gegeven parameters voor de hydrofobe, 
hydrofiele en elektrostatische eigenschappen van surfactanten geven 
veel nieuw inzicht in het gedrag van deze stoffen in het milieu. Wel zijn de 
parameters op dit moment alleen nog bruikbaar voor de surfactantgroepen 
die gebruikt zijn binnen het huidige project. Het nieuwe model dat wordt 
gepresenteerd in hoofdstuk 6 laat zien dat de parameters voor de molecule-
eigenschappen gebruikt kunnen worden om bepaalde milieu-eigenschappen 
van deze surfactanten te voorspellen. Wanneer er een ranking wordt gemaakt 
van bestaande modellen en methoden voor het voorspellen van deze milieu-
eigenschappen, is te zien dat het nieuwe model uit hoofdstuk 6 hier goed 
uit naar voren komt. Voor huidige andere modellen en methoden wordt de 
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structuur van een surfactantenmolecule meestal in zijn geheel meegenomen 
in de berekeningen, terwijl het nieuwe model ook moleculaire eigenschappen 
van verschillende stukken binnen deze moleculestructuur in acht neemt en 
daardoor een robuuster resultaat levert. 
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haha) en je doorzettingsvermogen, of ben je gewoon eigenwijs? Nee ik zit 
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