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Environmental risk assessment focuses on the potential negative environmental impact 

of human endeavours. Environmental contaminants from industrial sources or consumer 

products can be neutral or ionizable chemicals from different categories e.g. food additives, 

detergents, dyes, and product packaging. Several specific scientific challenges exist to 

adequately describe, understand, and predict the behaviour of ionizable environmental 

contaminants. With an estimated annual production volume of 17 million tons – which 

is roughly equal to 2 kg per capita over the global human population – surfactants are 

especially relevant within this group of ionizable chemicals [1]. The research described 

in this thesis focusses specifically on improving risk assessment of positively charged 

surfactants, more specifically by: 1) developing and testing analytical techniques, 

2) studying the effects of bioavailability on toxicity, and 3) determining the effects of 

bioavailability on biodegradation. Following a general introduction to the concepts of 

exposure, sorption, bioavailability and degradation, the scope and objectives of this thesis 

are summarized below.

1. Exposure, Sorption, and Bioavailability

1.1. The Relevance of Exposure in Environmental Risk Assessment

Any toxicologist will be able to quote the famous sixteenth century Paracelsus: “All 

things are poison and nothing is without poison, only the dosage makes a thing (not) 

poison. [2]” This quote can roughly be translated into the concept of exposure in modern 

toxicology: A chemical can be extremely toxic, but as long as there is no exposure (e.g. the 

chemical is contained within a glass container), there can be no harmful effects. Exposure 

is important in different disciplines, both in in vivo toxicology with living organisms as 

well as in in vitro toxicology with specific isolated cells or cultivated cellular material.  The 

advent of in vitro techniques opened up the possibility to assess toxicity and identify 

mechanisms of action on a cellular and molecular level, without the excessive use of 

living organisms in toxicological studies [3]. Nonetheless, acceptation and assimilation 

of these techniques by regulatory institutes is a lengthy process, perhaps partially due 

to the difficulties in extrapolating toxic doses in an in vitro system to environmentally 

relevant exposure scenarios [4, 5]. This, in turn, might be caused by poor characterization 

of the true exposure in in vitro systems. Part of this thesis deals with understanding and 

improving the shortcomings in in vitro assays that address toxicity, as well as in microbial 

biodegradability studies that are used to evaluate environmental persistence of potentially 
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toxic chemicals. However, it seems appropriate to first illustrate the necessity and relevance 

of environmental toxicology and risk assessment in general.

The average human being consumes and uses a plethora of different chemicals on a 

regular basis – e.g. food additives, colorants, detergents, preservatives, pharmaceuticals, 

and perfumes – most of these even on a daily basis. This leads to exposure of the general 

population and exposure of the total environment, as it is inevitable that a significant 

portion of these chemicals reach the biosphere, which can be illustrated with a very 

simple mass-balance example. Oversimplified, it could be stated that any xenobiotic that 

is not fully assimilated or metabolized by an organism is in some way released into the 

environment. This can be directly, for instance with topically applied products such as 

cosmetics or personal care products. However, in most cases these chemicals will first be 

absorbed into the organism and will only reach the environment after excretion in urine, 

feces, sweat or other routes of secretion. Many of these excreted substances will have 

undergone some extent of modification through partial metabolism, but the above is an 

appropriate and convenient example of the considerable chemical strain of modern-day 

human life. In addition, there are countless industrial and agricultural sources that release 

chemicals directly into the environment, either by design (e.g. application of pesticides) 

or due to calamities (e.g. leakage, fires, disaster).

Scientific progress has led to the ongoing discovery and synthesis of new chemicals; as of 

early 2020 the CAS registry of the American Chemical Society has more than 155 million 

chemical substances listed, with approximately 15,000 entries added on a daily basis. 

Because of this vast amount of new chemical entities – and numerous possible metabolites 

and breakdown products for each of them – it becomes increasingly difficult to predict 

and prevent possible negative environmental consequences. This creates a universal 

need for two distinct types of risk assessment: human health-oriented risk assessment to 

protect the population, and environmental risk assessment (ERA) to identify and decrease 

unwanted risks for the environment. There are international regulations that make an effort 

towards adequate risk assessment, of which REACH is probably the most well-known and 

exhaustive. REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) is a 

regulation of the European Union [6], addressing the production and usage of virtually any 

chemical substance, and its potential impact on human and environmental health. Within 

environmental risk assessment, REACH is strongly aimed at assessment of persistence, 

bioaccumulative properties, and toxicity (PBT) of chemicals. However, these assessments 

are almost exclusively focused on the most straightforward piece of the puzzle: neutral 

1
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organic chemicals. Obviously, the vast number of chemical stressors that can potentially 

be released into the environment requires that proper risk assessment should take place, 

based on comprehensive insight into the most influential processes involved.

1.2. Relevance of Ionizable Chemicals

In general, ionizable organic chemicals are molecules that can acquire a positive or 

negative charge by gaining or losing H+ through interaction with basic or acidic functional 

groups and, in most cases, water. Even though neutral chemicals form the majority of 

all registered chemicals on the European market, and it would be unwise to ignore or 

downplay their significance, it could and should be argued that ionizable chemicals are 

equally important with respect to (environmental) risk assessment. Partitioning behavior, 

prediction of physicochemical properties, and sampling procedures are all moderately 

straightforward for neutral chemicals [7-9]. For ionizable chemicals, however, multiple 

scientific challenges remain to be solved before their behavior can be fully understood 

and predicted or modeled [10, 11]. Environmental contaminants from consumer products 

can be neutral or ionizable chemicals and represent very different categories, such as 

food additives, detergents, fabric softeners, synthetic musks, pharmaceuticals, and various 

chemicals added to product packaging, such as plasticizers or dyes [12-16]. Detergents 

and fabric softeners are generally ionizable by nature, as their main active ingredients are 

surfactants; amphiphiles that usually contain a charged phosphate, sulfonate or quaternary 

ammonium group that constitutes the hydrophilic head [17].



11

General Introduction

Figure 1.1: Left: Two graphs taken from Manallack [20], showing the extent of ionizable chemicals among 
pharmaceuticals; CNS = Central Nervous System. Right: Graph taken from Franco et al. [15], showing the 
proportion of ionizable chemicals in a sample of 1,510 chemicals taken from the REACH database.

The EU regulation for the Registration, Evaluation, Authorization and Restriction of 

Chemicals (REACH) is an excellent indicator to emphasize the relevance of ionizable 

chemicals [18]. Reasonable estimates are that 49% of REACH chemicals are ionizable 

between pH 4 and pH 10; about 14% of REACH chemicals are partially positively charged 

at environmentally relevant pH levels [19]. Another study that highlights the importance 

of ionizable chemicals is the work by Manallack, which provides an overview of the pK
a
 

distribution of pharmaceuticals [20]. From this work, it can be extrapolated that a significant 

portion of pharmaceuticals will also be ionized at environmentally relevant pH. Two 

important graphs detailing the findings by Manallack are shown in figure 1.1, in addition 

to a graph based on the work of Franco et al [15]. Food and beverage aroma chemicals 

are another group containing a significant portion of ionizable molecules (approximately 

13.7%), where the physicochemical properties are totally different for the neutral and the 

ionized form [21]. While risk assessment models reasonably predict uptake and elimination 

by humans, environmental distribution, and even toxicity of neutral chemicals, ionizable 

chemicals still present a challenge, partly because their chemical fate is dependent on 

additional factors. The toxicity of an ionizable chemical in the environment is determined 

1
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by the complex interplay of pH, soil or sediment composition (organic carbon content and 

mineralogy), presence of dissolved organic matter, presence of other contaminants, type 

and concentrations of dissolved ions, and other environmental conditions.

1.3. Cationic Chemicals, including cationic surfactants

The group of positively charged (cationic) organic chemicals is made up of ionizable 

bases and quaternary ammonium compounds with a permanent positive charge. Basic 

chemicals are an adequate example to highlight the importance of ionized molecules in 

risk assessment. The role of pH in the sorption of organic bases to environmentally relevant 

surfaces is very simple and straightforward. If the pH in the aqueous phase is less than 

2 units above the pK
a
 of a basic chemical (B), a relevant percentage (>1%) of molecules 

will associate with H+ ions in solution, giving rise to BH+. The fraction of BH+ will increase 

with decreasing pH (see figure 1.2). Chemicals with a basic pK
a
 of 7 or higher are most 

relevant in this perspective, as a significant fraction (i.e. ≥10%) of any such chemical will 

bear a positive charge within the environmentally relevant pH range, and will be mostly 

charged at physiological pH in cells. Although most risk assessment models assume that 

only the (fraction of ) neutral base species determine the binding affinity to all kinds of 

environmental substrates, partitioning of these charged species can still make a significant 

contribution to total sorption to e.g. soil at pH ≥ pK
a
 + 2, where more than 99% of a 

basic chemical will be in the neutral form [22]. Due to the strong focus of risk assessment 

modeling on neutral contaminants, it is often overlooked that most environmental 

substrates (organic carbon, clay minerals) are densely negatively charged.

As noted previously, current environmental risk assessment has a heavy focus on neutral 

chemicals [14-16], which immediately highlights the need for information on and relevance 

of ionizable chemicals. More data are available for anionic chemicals (e.g. acidic herbicides 

and anionic detergents) than for cationic chemicals [23]. This further underscores the 

importance of gathering more insight and data regarding the behavior of cationic 

chemicals in the environment. Cationic pollutants can be found in landfills and sewage, 

which contain cationic chemicals consumed or discharged by typical citizens, such as 

detergents used in hair conditioner and fabric softener (i.e. cationic surfactants) [24] and 

various types of pharmaceuticals and illicit drugs [13, 25]. Moreover, organic matter in the 

environment usually contains carboxylic acids, which after dissociation constitute suitable 

binding sites for positively charged headgroups of cationic surfactants [26]. This allows 

for sorption of positively charged molecules to these remnants of organic matter, leading 
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to complex interactions that influence the environmental fate and persistency of these 

chemicals. The ubiquitous availability of negatively charged surfaces leads to a marked 

difference in behavior between anionic and cationic chemicals, which further increases 

the knowledge gap for cationic chemicals.

Figure 1.2: Graphical representation of the ionization of acidic (A) and basic (B) molecules as a function 
of medium pH. Note that these graphs increase in complexity when multiple acidic or basic moieties 
are present in one molecule.

Surfactants are the most widely discharged synthetic chemicals [27]. Surfactants, 

by definition, contain lipophilic and hydrophilic moieties. The most common form 

is a hydrophilic (highly polar or ionized) headgroup attached to a lipophilic linear 

hydrocarbon (alkyl) chain of variable length [28]. Important anthropogenic sources of 

cationic surfactants are fabric softeners, biocides and drilling mud [29-31], although 

surfactants also have significant natural sources for release into the environment [32]. These 

toxicologically relevant substances can enter the environment through different routes, 

such as wastewater discharge [33], pesticide formulation additives to improve efficiency, 

remediation efforts to clean polluted ground water or soil [34, 35], additives in industrial 

resource extraction [29], or secretion from aquatic plants [32].

1
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Cationic surfactants contain ionizable amine or permanently charged ammonium 

moieties in their headgroup. Due to their positive charge they can interact specifically 

with negatively charged surfaces such as hairs or cotton; the ionic bond with the cationic 

surfactants covers these negatively charged surfaces with an oily film of surfactants that 

create a soft and shiny layer. Commercially, quaternary ammonium compounds comprise 

the most important group while ionizable alkylamines find limited application. Quaternary 

ammonium compounds are permanently charged, which complicates their environmental 

risk assessment as there is no neutral homologue for which a hydrophobicity indicator 

such as the commonly used octanol-water partition coefficient K
OW

 can be determined 

or estimated in order to perform modelling calculations. Therefore, in the scope of this 

project, several series of analogous ionizable alkylamines form an interesting group, since it 

is possible to determine the K
OW

 for their neutral form. In addition, K
OW

 for the neutral form 

of ionizable amines might provide some understanding on how lipophilicity is influenced 

by degree of N-methylation and changes in alkyl chain length. In this respect, testing series 

of analogous ionizable amines might provide insight into the expected lipophilicity of 

quaternary ammonium compounds with comparable alkyl chain lengths.

Figure 1.3: Examples of ionizable amines and permanently charged ammonium compounds.
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Notable examples of permanently charged cationic surfactants are alkyltrimethylammonium 

compounds (ATMAC), benzalkonium compounds (BAC), cetylpyridinium compounds (CPB 

or CPC), and ammonium compounds with more than one alkyl chain (e.g. DODMAC) [17, 

36, 37]. Figure 1.3 shows the chemical structure for some of these cationic surfactants. 

Detectable levels of surfactants can remain in sewage sludge or effluent after wastewater 

treatment [38, 39]. For cationic surfactants with longer alkyl chain lengths concentrations 

are 3-300 mg/kg in sewage sludge [40], 1-50 µg/L in river water [41], 10-100 µg/L in 

industrial effluent [42], and 1-10 mg/kg in sediments [42, 43].

1.4. Sorption and Bioavailability in the Environment

Sorption is an important process governing environmental risk assessment, as it can have 

tremendous effects on the distribution of a chemical among different compartments in the 

environment, including the aqueous phase, soil, sediment and biota. An overview of these 

processes – which include evaporation, chemical degradation, microbial degradation, 

sorption and accumulation – is given in figure 1.4.

 

Figure 1.4: Overview of processes in the environment which are relevant for environmental fate, 
bioavailability, and exposure.

Information about dissolved organic matter in lake or river water, and the fraction of 

organic carbon in sediment or soil is sufficient to calculate the sorption and bioavailability 

of neutral chemicals [44]. Other sorption processes have to be taken into account to predict 

1



16

Chapter 1

the bioavailability of organic cations. Cations sorb to organic matter mainly because it is 

rich in negatively charged carboxylates that are part of a hydrophobic backbone [45, 46]. 

Other natural sorbents such as clay minerals are also – in essence – negatively charged 

structures, which can attract organic cations and thereby influence bioavailability.

Clay consists of phyllosilicates; thin sheets of aluminosilicate crystals, stacked together 

to form a dense and firm, semi-solid material. Mostly due to imperfections in the crystal 

composition (e.g. Mg2+ on the position of Al3+ or Al3+ on the position of Si4+) the ideally 

neutral layers of clay can have a relatively weak or strong negative charge. In addition, 

specific acidic groups on the surface of the clay sheets can dissociate when in contact with 

water at a certain pH, e.g. R-SiOH groups can dissociate into R-SiO-. The negative surface 

charge on the clay mineral surface is normally neutralized by K+ or Na+ ions, but these 

inorganic cations can be displaced by multivalent metal cations [47], or organic cations 

[48]. A convenient example of this are the industrially produced organoclays; clays treated 

with cationic surfactants to coat the sheets with lipophilic alkyl chains, which are then used 

to remediate soils or to remove organic contaminants from polluted water [49, 50]. Also in 

natural soil, where clay and organic matter are packed together, organic cations can have 

relatively strong interactions with negatively charged clay surfaces.

The interchange of inorganic and organic cations is a form of competition for a limited 

number of binding sites. Negatively charged sites on clay particles are commonly filled 

with ubiquitous ions like K+, Na+, Ca2+ or Mg2+. Divalent metal ions usually have stronger 

interactions with negatively charged binding sites than, for instance, Na+ [26]. Some organic 

cations have stronger sorption affinities than Ca2+, and competition for adsorption sites 

is thus a balance between sorbate concentration and relative sorption affinities, since 

freely dissolved concentrations of inorganic metal cations are usually orders of magnitudes 

higher than those of organic cations. In practice, this means that effective sorption affinity 

of BH+ to a sorbent is dependent on multiple factors, including the composition of the 

sorbent (% organic matter; clay type; particle size) as well as the aqueous phase (ionic 

strength, pH). Due to the negatively charged surface of naturally occurring sorbents the 

sorption affinity of BH+ can even be higher than that of B, even in soils and sediments 

with a high content of organic matter. Literature provides numerous examples of basic 

substances whose affinity significantly increases with decreasing pH [51-53]. With this 

in mind it is easy to realize that cationic surfactants, having both a positively charged 

headgroup and a hydrophobic alkyl chain, preferentially sorb to all kinds of environmental 

substrates, easily displacing inorganic cations.
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Within the aqueous phase itself, sorption to dissolved organic matter and suspended 

particulate matter may affect bioavailability, bioaccessibility, bioaccumulation and biotic 

effects [54, 55], as already highlighted in figure 1.4. The sorption processes that more 

directly impact bioavailability of neutral chemicals are presented schematically (somewhat 

simplified) in figure 1.5. Particularly for strongly sorbing cationic surfactants, bioavailability 

is an important feature in risk assessment [56, 57]. Bioaccessibility can impact both toxicity 

(enhancing or decreasing exposure) as well as persistency (optimum bioaccessibility might 

make chemicals more susceptible to degradation by microorganisms).

Figure 1.5: Schematic and simplified representation of how sorption processes can impact bioavailability 
and exposure concentrations in the environment as well as within an organism.

1
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After release into the environment, there is partitioning between organic matter and the 

aqueous phase (see figure 1.5). Ongoing exchange between these phases means that 

organic matter with sorbed pollutants can function as a long term reservoir, releasing 

additional pollutant in the aqueous phase if the dissolved concentration decreases [58]. 

This release of sorbed molecules back into solution is also called bioaccessibility, to 

distinguish this fraction from the very strongly sorbed molecules that cannot be readily 

released back into solution. Bioaccessibility is governed by the organic carbon-water 

partition coefficient K
OC

, where the bioaccessible fraction is released to reinforce the 

equilibrium between sorbed fraction and freely dissolved fraction if the latter decreases, 

e.g. due to biodegradation, or uptake in organisms. The combination of direct exposure 

through pore water and semi-direct exposure of sediment dwelling organisms through 

ingestion of sediment particles complicates risk assessment for aquatic ecosystems [59].

The fraction of a substance that simply remains in solution is more straightforward to 

incorporate into risk assessment. This freely dissolved fraction will disperse through the 

available aqueous phase by diffusion, until a uniform concentration is reached. It is a 

generally accepted notion that only freely dissolved molecules are available for uptake 

into an organism, which makes the dissolved fraction the most important one from a risk 

assessment perspective; this fraction is usually called the bioavailable fraction, although 

a distinction should be made with pharmacological bioavailability which is a different 

concept. The aqueous phase is also the major phase for degradation, as dissolved 

molecules are available for uptake by microorganisms.

1.5. Prediction of Sorption, Bioavailability and Toxicity

Predictions for (preliminary) environmental fate (see figure 1.5) are based almost entirely 

upon octanol-water partitioning and the resulting K
OW

 partition coefficient [60]. Since 

scientific evidence supports the notion that the affinity for organic matter in soil is 

related to the affinity for octanol, models used in risk assessment usually calculate K
OC

 – 

the organic carbon normalized partition coefficient – from K
OW

 [61]. This means that, for 

neutral chemicals, sorption and bioavailability are generally estimated based on the K
OW

.

The next link between exposure and toxic effects on an individual level is uptake into 

an organism. Uptake is divided between fat and fluids, defined in figure 1.5 as lipid 

phase and aqueous phase, respectively. Cell membranes are also composed of lipids 

(phospholipids), and form a critical target for nonspecific toxicity of any organic chemical. 
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Since risk assessment is dedicated to neutral molecules, partitioning between bulk water 

and the organism’s lipid compartment – and also toxicological effects – are modeled 

using the established relationship between K
OW

 and bioconcentration factor (BCF), and 

toxic effect concentrations (IC
50

/LC
50

, i.e. the (nominal) concentration at which inhibitory 

or, respectively, lethal effects are observed in 50% of the exposed population). These 

types of models are available for well-known model organisms such as the water flea 

and fathead minnow [62]. As expected, these K
OW

-based models are poorly capable of 

dealing with cationic surfactants and ionizable molecules in general. Furthermore, risk 

assessment based on exposure is complicated by the fact that it can be extremely difficult 

to accurately determine actual exposure in controlled experimental studies, especially 

when dealing with ionizable chemicals that are prone to sorb to all kinds of surfaces, 

including lab equipment (e.g. cationic surfactants).

To overcome the issues with K
OW

-based approaches, some models to estimate or predict 

uptake of organic chemicals into organisms have been developed explicitly for ionizable 

or cationic chemicals, such as the octanol-water distribution coefficient-based (log 

D) bioconcentration model postulated by Fu et al. [63], a model based on estimated 

membrane distribution coefficients by Armitage et al. [64], and a quantum chemical based 

model for monovalent organic ions in fish [55]. However, the concept of log D is prone 

to some of the same erroneous assumptions that decrease the applicability of K
OW

-based 

models [64]. Therefore, models have also been constructed based on liposome partitioning 

coefficients (K
PLIPW

), using artificially constructed vesicles made up of phospholipids that 

are also the main building block for actual cellular membranes [65]. Neuwoehner et al. 

developed an elegant model combining K
PLIPW

-based partitioning prediction that includes 

an ion-trapping hypothesis, where differences between intracellular and extracellular pH 

lead to intracellular accumulation of ionizable amines [66]. This ion-trapping is yet another 

aspect of toxicity that is exclusively applicable to ionizable chemicals, and can have great 

influence on legitimate toxic effects while it is completely absent from K
OW

-based risk 

assessment regimes.

In addition to the complex sorption behavior of organic ions in organic matter and 

sediments, also the partitioning of ionic chemicals into organisms is much more complex 

than for neutral chemicals. Firstly, the ionized species can have different partitioning 

behavior than the neutral molecule, which means that there is a fixed partitioning 

coefficient for the neutral fraction and a pH-dependent partitioning coefficient for the 

ionized fraction. Although it is generally considered that ionized molecules are not able to 

1
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cross biological membranes [67], there is ample evidence to support the opposite [66, 68, 

69], and even minute neutral fractions may facilitate passive transport across membranes. 

In addition, for toxic effects to become apparent it is technically not even necessary for 

a chemical to be taken up into intracellular compartments; uptake into the phospholipid 

membrane can be sufficient to cause toxicity [70-72], both for unicellular organisms as 

well as directly exposed organs like eyes, gills, and the gut. This is especially relevant for 

cationic surfactants, as the majority of these chemicals have a structure resembling the 

phospholipids that make up cellular membranes, and are therefore able to be taken up 

into the cell membrane, thereby disrupting or even destroying these vital membranes [73, 

74]. This is highlighted by publications describing toxic effects to bacteria and mammalian 

cell lines [75], rabbit corneal epithelial cells [76], and isolated human lymphocytes [77].

2. Sorption and Analytics

2.1. Sorption to Labware

Surfactants in general and cationic surfactants in particular are prone to have strong 

sorption affinities to a multitude of environmental and artificial surfaces, including labware 

and even components of analytical equipment e.g. autosamplers [57, 78-80]. It is also 

well known that surfactants can accumulate on gas-liquid, liquid-liquid, and liquid-solid 

interfaces. Negatively charged surfaces such as laboratory glassware, well-plate plastic, soil 

particles, dissolved organic matter, and biomolecules such as proteins provide additional 

sorption sites for cationic surfactants [54, 78], and most of these surfaces cannot be avoided 

in experimental work. Figure 1.6 provides an overview of the most relevant potential losses 

when working with cationic surfactants and illustrates the difficulties of working accurately 

with these difficult chemicals; most processes in this figure are related to sorption. Cationic 

surfactants are even known to sorb to polytetrafluoroethylene (PTFE) lined septa and PTFE 

containers [81, 82], as well as negatively impacting efficiency of electrospray ionization as 

used in MS/MS equipment [83].

Most of the aforementioned examples of sorption are expected to increase with 

hydrophobicity e.g. length of the alkyl chain surfactant tail [84], making the long chain 

cationic surfactants extremely challenging to work with. Binding to relatively simple 

surfaces such as laboratory glassware is hypothesized to be dependent on salinity and 

presence of multivalent cations, with an increase in salinity or concentration of multivalent 

cations resulting in lower glass binding due to electrostatic screening and competition 
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effects [24, 78, 85-87]. However, for environmental risk assessment it is rarely possible to 

adjust concentration and valence of electrolytes, and care should be taken to evaluate and, 

if necessary, quantify the (potential) impact on experimental outcome by losses through 

sorption. Lastly, it should also be considered that cationic surfactants could sorb to pipette 

tips, and might quickly desorb if the pipette tip comes into contact with solvents. Even the 

quantification steps to measure experimental losses may thus be influenced by sorption 

processes.

Figure 1.6: Overview of major sources of potential losses when working with cationic surfactants. From 
left to right: sorption to inside of pipette tip; sorption to outside of pipette tip; sorption to glass wall; 
evaporation; micelle formation; sorption to septa; phase separation and sorption to interface; sorption 
to dissolved matter.

 
2.2. Introduction SPME and mixed-mode SPME

Solid-phase microextraction (SPME) is an analytical sampling technique, developed by 

Arthur and Pawliszyn in 1990 as a faster and cleaner alternative for then-existing sampling 

and extraction techniques [88]. SPME, as the name implies, typically works with samplers in 

the 100 µL range, where the goal is not exhaustive sampling but sampling at equilibrium 

and then using a fiber-water partitioning coefficient to calculate the corresponding 

concentration in the aqueous phase. Therefore, under favorable conditions, sampling 

with SPME will not influence the system being sampled, allowing – for instance – repeated 

sampling from the same replicate [67], or immersion of SPME samplers in an ongoing 

experiment. The concept of sampling so little solute that the system remains unaffected 

is known as negligible depletion SPME (nd-SPME) [89, 90]; since the work presented in this 

thesis only focuses on nd-SPME the shortened abbreviation SPME will be used to refer to 

nd-SPME.

1
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SPME is typically carried out using thin fibers, usually consisting of an inert core (glass or 

metal), coated with a polymer that is the actual solid extraction phase. This SPME-fiber is 

then introduced into the matrix containing the analyte. Although this matrix might include 

binding molecules such as proteins or humic substances, only the freely dissolved fraction 

of the analyte is sampled. In general, sampling is deemed complete once equilibrium 

between the SPME-fiber and the matrix is reached. At equilibrium, the fiber concentration 

(C
fiber

) correlates to the freely dissolved concentration in the sampled matrix (C
free

) [91]. This 

relationship between C
fiber

 and C
free

 is called the fiber-water partitioning coefficient (K
FW

), 

and is compound as well as matrix specific, while also depending on coating type and 

fiber dimensions [92].

SPME is currently broadly used to measure polar and non-polar analytes in a range of 

different matrices [93-96]. More recently, polyacrylate (PA) SPME has also been applied to 

sample quaternary ammonium based cationic surfactants [78, 97]. PA-coated SPME fibers 

have sufficient cation-exchange capacity (CEC) to effectively adsorb several nitrogen-

based cationic surfactants to the fiber surface, while providing non-depletive extraction 

in most samples [54, 78]. PA-SPME has specific benefits when dealing with environmental 

samples: (i) the SPME coating is in direct equilibrium with C
free

, (ii) the small fiber volume 

(extraction phase) leads to selective isolation of analytes, resulting in relatively clean 

samples which can be analyzed without matrix effects, (iii) pH-modification of samples 

to neutralize bases is not required for quantitative purposes since PA-SPME has sufficient 

affinity for positively charged species and can be calibrated at the required sample pH, 

(iv) the fiber structure eliminates problems related to typical sample clean-up steps using 

SPE or filter cartridges, such as solid phase clogging with suspensions and breakthrough 

volume with voluminous samples [98].

3. Bioavailability, Membrane Partitioning, and in vitro 
Toxicity

In environmental sciences, a molecule is deemed bioavailable if it can readily be taken 

up into an organism, i.e. as a freely dissolved molecule passing skin, gill, gut, or even only 

a single cell membrane. This is to separate the fraction or concentration available for 

uptake from the fraction not directly accessible by an organism [99], e.g. the molecules 

sorbed to soil and sediment, or to particulate matter in the aqueous phase. Bioavailability 

is an important concept, as it is an essential link between the hazard – intrinsic quality of 

a given toxicant – and the associated risk (the chance the hazard will express itself) [100]. 
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Unsurprisingly, there is a relation between CEC of soil and sediment, and observed toxicity 

thresholds in soil and sediment dwelling organisms [56].

3.1. Bioavailability and in vitro Toxicity of Ionized Molecules

The prevalent consensus in environmental risk assessment legislation is that only neutral 

molecules are available for uptake into an organism i.e. bioavailability is determined by 

the neutral fraction [61, 101]. For organic bases, uptake rates start decreasing when pH 

approaches the pKa, but this decrease levels off as pH gets lower [102], although the neutral 

fraction can drop by two orders of magnitude over two pH units [103]. Bioavailability 

of ionized species is further established by uptake rates under experimental conditions, 

where total uptake is larger than what could be attained by uptake of solely the neutral 

fraction [104]. For adequate risk assessment it is important to realize which factors influence 

bioavailability, and how these factors vary between neutral molecules and ionized species 

[55].

Accurately determining bioavailability in in vitro test systems can be more complicated 

than in traditional in vivo test setups, especially for cationic organic molecules and 

strongly sorbing chemicals such as surfactants. The cell culture medium is essentially the 

liquid phase (e.g. blood) that is usually sampled in traditional test setups to determine 

bioavailability. However, due to the small test volumes (usually <1 mL and <200 µL in 

most setups) and low concentrations it is difficult to sample the volumes required for 

proper chemical analysis. Additional complications arise from the fact that cell culture 

medium generally contains high concentrations of buffer salts and proteins, which interfere 

with virtually all types of column chromatography. Sample preparation with traditional 

extraction techniques is hindered by the low sample volumes, which makes SPME an 

excellent candidate to determine bioavailability in in vitro assays.

3.2. Using KOW and KMW/KPLIPW

Current models rely heavily on the octanol-water partition coefficient K
OW

 as a determinant 

for both environmental fate and baseline toxicity. K
OW

 is a sensible choice to predict the 

behavior of neutral molecules [7], but the octanol-water system is unable to support 

specific interactions possible with ionized chemicals, for instance their interactions with 

biological membranes and negatively charged surfaces [105]. Although octanol is a fair 

proxy for storage lipid, actual organisms are also made up of membrane lipids and proteins. 

1
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Even though the triglyceride composition of storage lipids has no significant influence on 

partitioning [106], partition coefficients for neutral organic chemicals can be up to two log 

units higher for membrane lipids than for storage lipids [7]. This is a well-known notion 

in forensic toxicology, where lipophilic and cationic chemicals are known to accumulate 

in tissues rich in phospholipids, such as the liver [107]. In addition, K
OW

 values obtained 

for ionizable molecules are dependent on test system pH and ionic strength, as well as 

the method used [108]. Therefore, it would be wise to explore other avenues – such as 

partitioning into biolipids – when dealing with ionizable chemicals, especially since K
OW

 is 

difficult to determine for ionized molecules and surfactants in particular [109].

Even though diffusion of charged molecules through lipid membranes is not predicted 

based on octanol-water partitioning, it is clear that charged species partition more 

strongly into biomembranes than anticipated from octanol-based predictions [110-113]. 

Although octanol can be a useful model system for neutral chemicals, it is not possible 

to predict ionic interactions in biological membranes based on K
OW [113]

. In addition, also 

neutral hydrophilic pharmaceuticals like atenolol and morphine can partition more easily 

into membranes than suggested by K
OW

 predictions [110]. The amphiphilic nature of 

surfactants not only makes it very challenging to determine or predict their K
OW [109]

, it 

also means they resemble the phospholipids that make up biological membranes, which 

also have amphiphilic properties. This resemblance may further increase their membrane 

affinity beyond what might be expected based on K
OW

, because they can effectively 

align parallel to the structured phospholipids in cell membrane bilayers
 [114]

. An important 

realization in this aspect is the fact that the most abundant phospholipids are zwitterionic 

phosphatidylcholines, with a positively charged choline group near the aqueous phase 

and a negatively charged phosphate slightly closer to the core of the membrane [115]. 

Neutral chemicals will tend to sorb near the core region of the membrane, while cationic 

chemicals will have their charged moiety positioned in the direction of the phosphate 

head group, an effect known as the pH piston hypothesis [115].

Several different experimental techniques and simulations have been devised over the 

last two decades to provide estimated or predicted sorption coefficients to membrane 

lipids. Terminology to describe the obtained partitioning coefficient can vary; notable 

examples are K
MW

 (membrane-water) K
LIPW

 (liposome-water) and K
PLIPW

 (phospholipid-water). 

Experimental techniques include micellar liquid chromatography [116], equilibrium dialysis 

using artificially prepared liposomes [117], potentiometric titration [111], chromatographic 

methods using specifically created stationary phases (immobilized artificial membrane or 
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IAM-HPLC) [111, 118-122], and a coating of artificial liposomes applied to a solid support 

e.g. glass beads (solid-supported lipid membrane or SSLM) [111, 118]. Interestingly, a 

fundamental publication by Escher et al. indicated questionable suitability of IAM-HPLC for 

ionic chemicals [111], while later studies rated the IAM-HPLC as quite robust [121], although 

some refinement could be mandatory in order to obtain trustworthy results [120]. In recent 

years there has also been an increasing number of models to predict sorption coefficients 

to membrane lipids, such as molecular dynamics modelling [116], poly-parameter linear 

free energy relationship (pp-LFER) descriptors [123], and quantum-chemistry based 

calculations such as those performed by COSMOmic [116-119, 123].

3.3. Using KMW/KPLIPW to Improve Predictive Models for In Vitro Toxicity 
Data

Narcosis – a reversible and nonspecific destabilization of biomembranes – is considered 

to be a common cause of environmental toxicity for chemicals that lack a specific mode 

of action [124]. Due to their resemblance to phospholipids, which are the major building 

blocks of such biomembranes, and the virtual absence of functional groups, it can 

be assumed that surfactants will exert their toxic effects largely through narcosis. This 

assumption would be especially relevant for in vitro test systems, which lack interconnected 

organ systems and most of the complexity of actual organisms and, therefore, are less 

susceptible to complex toxic effects. Historically, narcosis has been evaluated extensively 

in fish acute toxicity assays [125-128]. It therefore makes sense to evaluate in vitro toxicity of 

surfactants in a primary fish cell line, such as the rainbow trout gill cell line RTgill-W1 [129].

Using the affinity for phospholipids or biomembranes (K
PLIPW

/K
MW

), it should be 

straightforward to predict the threshold of toxic effects for chemicals that act though 

narcosis, since the lethal membrane burden is calculated to be between 40-160 mmol/kg 

lipid [70]. In this respect, it is interesting to compare hypothesized decreases in LC
50

, based 

on a QSAR presented for polar chemicals by Escher and Hermens [130], with experimentally 

determined algal toxicity of cationic surfactants by van Wijk et al. [57] (see figure 1.7). 

While theory predicts incrementally lower LC
50

, experimentally observed toxicity levels off 

and even start to decrease at progressively longer alkyl chain lengths. Such effects have 

been observed more often [131-135], and a mechanistic explanation has been postulated 

by Balgavý and Devínsky [132]. Should a similar plateau be observed for experimentally 

derived or predicted K
MW

/K
PLIPW

 values, this would provide evidence the results observed 

are not an artefact. However, if such a plateau is not observed with K
MW

/K
PLIPW

 data this 

1
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would be an indication that experimental techniques and actual exposure concentrations 

should be evaluated critically. This statement is especially relevant for cationic surfactants, 

as it can be expected that these chemicals are progressively more difficult to sample and 

analyze with increasing alkyl chain lengths, while the potential of losses to the exposure 

system are likely to increase as well.

Figure 1.7: Illustration how modeled LC
50

 data based on a QSAR for polar chemicals deviate from actual 
LC

50
 data for cationic surfactants from literature. Based on data from Escher and Hermens [130], and van 

Wijk et al. [57].

4. Bioavailability and Biodegradation

4.1. Linking Sorption and Exposure

Strong sorption can decrease exposure through decreasing bioavailable concentrations, 

while at the same time increasing exposure duration and persistency for strongly but 

reversibly sorbing chemicals. Chemicals that are highly persistent as well as strongly 

sorbing are detected in the environment and in sewage sludge, up to the mg/kg range 

[40]. Numerous cationic surfactants falling in this category have been banned or have 

had their production decreased by industry voluntarily [40]. The di-alkyl-based surfactant 

DODMAC/DTDMAC has been largely replaced by the di-ester analogue DEEDMAC in rinse 

conditioner products [136]. The ester moieties connecting the two alkyl chains to the 

central ammonium moiety can be hydrolyzed, resulting in fast removal by biodegradation. 

DEEDMAC is therefore considered non-persistent [137, 138].
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Pollutants from sewage can reach the environment through a number of pathways, with 

most of these pathways linked to sorption processes as far as cationic surfactants are 

concerned. The most direct pathway is residual contamination of effluent, when after 

sewage treatment fractions remain of substances that are – at present – technically or 

financially impossible to be fully removed. Numerous studies dealing with trace level 

detection have been performed, as reviewed by Lapworth et al. in 2012 [13]. Sewage 

sludge forms a second source of environmental contamination that can be traced back 

to waste water treatment processes. Sewage sludge is the semi-solid microbial biomass 

material remaining after modern industrial wastewater treatment processing. Due to its 

high nutritious value, sewage sludge is widely used in numerous countries as a fertilizer, a 

practice where liquid or dried sludge is applied to agricultural soil. However, this procedure 

is virtually a direct injection of sorbed contaminants into soil, since there is ample evidence 

that significant concentrations of many hydrophobic contaminants, including cationic 

surfactants, remain in sewage sludge [13, 40].

4.2. Introduction Biodegradation Testing

Chemical persistence, especially of potentially toxic chemicals, is an important property in 

environmental risk assessment, as persistent chemicals can accumulate and be transported 

over great lengths in the environment. Therefore, numerous tests exist to determine the 

extent of biodegradation under standardized conditions [139-144], operating under the 

assumption that any chemical that is rapidly degraded in such tests will not be persistent 

in the environment. Reliable information on persistence –and thus biodegradability – is 

pivotal in environmental risk assessment, as even a relatively toxic chemical will carry a 

smaller risk if it is rapidly degraded or, alternatively, a chemical of low toxicity that is very 

persistent might eventually reach unsafe levels. In addition, it is logical to assume that 

chemicals that are easily biodegraded will not be bioaccumulative. Biodegradation testing 

can therefore be considered as a cornerstone of environmental risk assessment. However, 

the use of recommended and relatively high-test concentrations (10 mg/L range) makes it 

difficult to properly assess chemicals with toxic or inhibitory effects to the microorganisms 

used in these tests.

4.3. Using Sorption to Our Advantage: Toxicity Mitigation

The preceding sections have emphasized the difficulties arising from the physicochemical 

behavior of cationic surfactants and surfactants in general. Conversely, if surfactants or 

1
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chemicals with surfactant-like properties are known or anticipated to have inhibitory effects 

to micro-organisms used in biodegradation testing, these physicochemical properties 

can be used advantageously. Several studies exist in which inorganic and sometimes 

organic sorbents are introduced to biodegradation tests, in order to lower the bioavailable 

concentration to below the inhibitory threshold [145-147]. This effect is called toxicity 

mitigation, as the inhibitory or toxic effects of the test chemical are mitigated or negated 

through the addition of a sorbent. Toxicity mitigation can be considered as a refinement 

of biodegradation testing, and – due to the importance of biodegradability and associated 

persistency classification in environmental risk assessment – as an enhancement of overall 

environmental risk assessment with respect to persistency rating. However, up to now 

toxicity mitigation has received relatively little attention in literature, and therefore ample 

opportunity remains to elucidate the most efficient method to apply toxicity mitigation.

4.4. Existing Biodegradability Studies to Explore

As important ingredients of personal care products, paints, industrial cleaning agents, 

drilling mud, and antiseptics, surfactants have a relatively high environmental discharge, 

especially due to their use in a large range of down-the-drain products [27, 29-31]. 

Quaternary ammonium based surfactants are the most relevant group of cationic 

surfactants. Biodegradability of these ammonium surfactants is known to depend on the 

alkyl chain length and number of alkyl chains attached to the nitrogen, with an increase 

in alkyl chain length or number of alkyl chains leading to a decrease in biodegradability 

[148]. Attempts have been made to reduce inhibitory effects and increase bioavailability 

through the use of organic and inorganic sorbents [145-147] , and by optimizing the 

amount of competent microorganisms in the sludge used to inoculate the test vessels 

[149] , although the use of such ‘optimized’ sludge is not allowed in most biodegradability 

testing guidelines. A different optimization, introduced by the industry that produces these 

surfactants, was to include ester bonds in previously very persistent gemini surfactants, 

significantly improving their biodegradability [150, 151].

More specialized test designs have also been used specifically to assess biodegradability 

of cationic surfactants, such as a specifically designed flow through system utilizing 

columns packed with silica gel and preconditioned inoculum [152], which was used to 

test quaternary ammonium surfactants and gemini surfactants of differing alkyl chain 

lengths. In another attempt to improve biodegradability testing of cationic surfactants and 

toxic organic chemicals in general, van Ginkel and Stroo proposed a method to prolong 
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the standard closed bottle test (OECD 301 D) up to 200 days [139, 153].  More recently, 

biodegradability of a range of nitrogen-containing surfactants (including one quaternary 

ammonium surfactant) was evaluated and found to be very efficient in a continuously 

fed activated sludge reactor (OECD 303 A), which is essentially a simulated waste water 

treatment plant [141, 154]. However, these setups are highly specialized, costly to maintain, 

and a positive result in such customized designs is not always admissible to officially classify 

the test chemical is readily biodegradable.

Unfortunately, a comparison of different standardized test methods showed a high 

degree of false negatives and limitations by the slow onset of biodegradation with test 

chemicals that are otherwise degraded efficiently [155]. In addition, specific studies suggest 

combinations of different strains of microorganisms are required for efficient breakdown 

of cationic surfactants and surfactants in general [156, 157], and specific strains that are 

capable to efficiently degrade cationic surfactants usually depend on distinct other 

strains in order to maximize their potential [158]. These factors make it understandable 

that preadapted or preconditioned inocula lead to much higher and, arguably, more 

environmentally relevant biodegradation rates. In this thesis it was hypothesized that 

addition of clay sorbents might constitute a viable alternative, as sorption of test chemical 

will mitigate inhibitory effects and give the microorganisms more time to flourish, while 

simultaneously acting as a support for the formation of a biofilm in which coexisting strains 

can work together optimally to degrade the test chemical [159, 160].

5. Scope and Objectives of this Thesis

The scope of my project was to improve environmental risk assessment for ionizable 

chemicals, specifically looking at cationic chemicals and surfactants in particular. The 

overall goals of the work in this thesis were to 1) advance understanding of the behavior 

of cationic surfactants, more specifically the mechanisms that underlie sorption to 

environmentally relevant sorbent materials e.g. sediments, and 2) determine how sorption 

impacts bioavailability and toxicity in biodegradation and aquatic toxicity tests. Within this 

context, the primary focus was on monoalkyl quaternary ammonium surfactants. In order 

to achieve these goals, the following objectives were identified:

1. Obtain a large and diverse set of amine-based cationic surfactants, encompassing 

multiple structurally diverse classes, preferably with multiple alkyl chain lengths per 

class.

1
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2. Develop analytical methods to accurately and quantitatively sample and measure 

the surfactants obtained under 1.

3. Develop SPME tools to measure a selection of the surfactants obtained under 1, and 

establish the applicability domain of these SPME tools.

4. Apply the SPME tools developed under 3, to determine sorption affinity to 

environmentally relevant sorbent materials for a selection of the surfactants obtained 

under 1.

5. Apply the SPME tools developed under 3, to determine the freely dissolved 

concentration in toxicity assays using a selection of the surfactants obtained under 1.

6. Use the knowledge gained under 4 and 5 in innovative biodegradation and/or toxicity 

studies, e.g. by mitigating inhibitory effects or as a means of passive dosing.

7. Refine models linking physico-chemical properties of the surfactants obtained under 

1 to the sorptive and/or toxic properties established under 4, 5 and 6.

8. Apply the data and insights resulting from this thesis to improve environmental risk 

assessment of cationic surfactants.

To evaluate the analytical difficulties and develop a suitable method to accurately quantify 

cationic surfactants from aqueous samples, we first studied extraction of a selection of 

32 amine-based cationic surfactants (Chapter 2). The main goal was to identify where 

analytical challenges could be expected, both in the chemical space of cationic surfactants 

as well as the typical laboratory equipment used. Sorption to 120 mL flasks, 40 mL vials, 

and 1.5 mL autosampler vials was determined in 15 mM NaCl. Aqueous concentrations and 

extraction recoveries were quantified using weak cation exchange SPE cartridges, followed 

by analysis on LC-MS/MS. Sorption to outside of standard pipette tips was expected and 

was therefore also quantified for a selection of cationic surfactants. We then used the 

methods developed to determine sorption of several cationic surfactants to PA-SPME fibers 

with a coating thickness of 7 µm or 35 µm. The impact of pH and ionic strength of medium 

on partitioning to the fiber was also investigated. We used the data obtained to assess 

differences in sorption mechanism between charged cationic surfactants and ionizable 

cationic surfactants in their neutral form. Lastly, we tried to determine an applicability 

domain for all methods developed, looking primarily at alkyl chain length.

Based on the results obtained with the PA-SPME fibers, we then decided to investigate 

the suitability of mixed-mode (MM) SPME fibers to sample cationic and neutral chemicals 

(mainly pharmaceutical compounds) (Chapter 3). We used fibers consisting of a nitinol 

wire coated with a mixed sorbent containing C
18

 material as well as strong cation exchange 



31

General Introduction

(SCX) groups. In total, 30 chemicals were tested, covering a broad pK
a
 range and with 

varying hydrogen bonding capability. The main aim of this work was to define the 

structural limitations of the MM-SPME fibers for this category of analytes. In order to do 

so, linearity of sorption isotherms and a cut-off point below which all tested chemicals 

showed linear sorption were determined. In addition, the impact of alkyl chain length on 

sorption affinity of chemicals with limited hydrogen bonding capacity was investigated 

and related to octanol-water partition coefficients. Implications for the applicability of 

MM-SPME to sample relatively small or large molecules could then be determined, which 

was helpful to assess suitability of MM-SPME for further studies within the scope of this 

thesis. Lastly, the data gathered for the 30 chemicals tested were used to conclude on the 

suitability of MM-SPME to sample freely dissolved concentrations of ionizable chemicals.

The original scope of this thesis was to then apply SPME to determine the freely dissolved 

concentration in in vitro toxicity assays with a set of benzalkonium compounds with 

increasing alkyl chain lengths (Chapter 4). However, due to the limitations identified in 

the chapter 2 and 3, it was decided to perform these studies without using SPME. The 

main aim of this chapter was to elucidate how sorption of benzalkonium compounds to 

different components of in vitro test systems would impact their apparent toxicity, and 

how alkyl chain length influences this impact. Seven benzalkonium compounds, with alkyl 

chain lengths ranging from 6 to 18 carbon atoms, were tested using the rainbow trout gill 

cell line. Toxicity readings after a 48 hour exposure in medium with 0.6 µM bovine serum 

albumin, 10% fetal bovine serum, or without any additions were compared. Benzalkonium 

concentrations were determined analytically and compared with nominal concentrations. 

Median effect concentrations (EC
50

) calculated with measured and nominal concentrations 

could then be compared to elucidate the effect of sorption on apparent toxicity rating. 

Differences between nominal and measured EC
50

 were also related to alkyl chain length, to 

allow evaluation of our findings in perspective of alkyl chain length dependent processes 

discovered in the first two chapters.

Amine-based cationic surfactants based on a singly alkyl chain are unlikely to have a 

specific toxic mode of action, and probably exert toxic effects due to membrane 

destabilization. In order to put the findings of the in vitro toxicity study in perspective, 

we therefore decided to determine the cell membrane binding affinity for a series of 19 

cationic surfactants, including several benzalkonium compounds (Chapter 5). We used 

a solid-supported lipid membrane (SSLM) system, with fused silica beads coated with 

a bilayer phospholipid membrane. We tried to optimize the existing SSLM protocol by 

1



32

Chapter 1

transferring the coated beads from 96-well plates to 1.5 mL autosampler vials, in order 

to correct for several confounding effects due to phospholipid leaching and the specific 

difficulties encountered with cationic surfactants in the first few chapters. We determined 

membrane/water distribution coefficients (D
MW

) at different pH to assess the contribution 

of ionized and neutral species. SSLM measurements were compared with immobilized 

artificial membrane (IAM) HPLC and quantum chemistry-based calculations performed 

using COSMOmic. By testing several series of chemicals with increasing alkyl chain lengths, 

we tried to establish the applicability domain for SSLM when determining D
MW

 of cationic 

surfactants.

Finally, the knowledge gained in chapters 2 through 5 was applied in biodegradation 

studies with two biocidal C
16

-based cationic surfactants: cetyltrimethylammonium 

bromide (CTAB) and cetylpyridinium chloride (CPC). CTAB has been demonstrated 

to cause toxicity to inoculum during biodegradation testing, while no peer reviewed 

biodegradation studies have been published for the commonly used antiseptic CPC. 

The aim of these studies was to develop and evaluate a systematic testing approach to 

incrementally optimize bioavailability or bioaccessibility for biodegradation studies with 

cationic surfactants. This directly incorporated the insights gained on sorptive potential 

and expected toxicity of cationic surfactants, and recent developments of automated 

continuous digital manometric detectors. Potentially more efficient biodegradation test 

designs could be defined compared to the standard test designs with a priori uncertain 

outcomes. In the first stage, the use of silicon dioxide (SiO
2
) and commercial illite clay 

(illite) to mitigate inhibitory effects was investigated (Chapter 6 and 7). It was observed 

in the analytical and in vitro studies that cationic surfactants with relatively long alkyl 

chain lengths sorb relatively strong to available substrates, decreasing freely dissolved 

concentrations. We hypothesized that this mechanism could be employed beneficially 

in biodegradation studies. Our goal was to investigate if it was possible, with data on 

inhibitory effect levels and sorption affinity to the used sorbent, to match a certain 

concentration of sorbent with a given concentration of test chemical and end up with 

a freely dissolved concentration that would no longer exert inhibitory effects. Several 

experiments were performed to further perfect this stepwise approach. Finally, to test the 

general applicability of this approach seven different clay types were tested extensively 

with CTAB and CPC (Chapter 8). Ultimately, my findings were evaluated, discussed, and 

integrated in the context of environmental risk assessment in Chapter 9, with primary 

focus on the order-of-magnitude miscalculations that can arise if not properly taking into 

account the specific challenges when dealing with cationic surfactants.
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Abstract

For a selection of 32 amine based cationic surfactants (including C8 to C18 alkylamines, 

C14 dialkyldimethylammonium, C8-tetraalkylammonium, benzalkonium and pyridinium 

compounds), the extraction from aqueous samples was studied in detail. Aqueous 

concentrations were determined using solid phase extraction (SPE; 3 mL/60 mg Oasis WCX-

SPE cartridges) with recoveries of ≥80% for 30 compounds, and ≥90% for 16 compounds. 

Sorption to glassware was evaluated in 120 mL flasks, 40 mL vials and 1.5 mL autosampler 

vials, using 15 mM NaCl, where the glass binding of simple primary amines and quaternary 

ammonium compounds increased with alkyl chain length. Sorption to the outside of 

pipette tips (≤20% of total amount in solution) when sampling aqueous solutions may 

interfere with accurate measurements. Polyacrylate solid phase microextraction (PA-SPME) 

fibers with two coating thicknesses (7 and 35 µm) were tested as potential extraction 

devices. The uptake kinetics, pH-dependence and influence of ionic strength on sorption 

to PA fibers were studied. Changing medium from 100 mM Na+ to 10 mM Ca2+ decreases 

K
fw

 with one order of magnitude. Results indicate that for PA-SPME neutral amines are 

absorbed rather than adsorbed, although the exact sorption mechanism remains to be 

elucidated. Further research remains necessary to establish a definitive applicability domain 

for PA-SPME. However, results indicate that alkyl chain lengths ≥14 carbon atoms and 

multiple alkyl chains become problematic. A calibration curve should always be measured 

together with the samples. In conclusion, it seems that for amine based surfactants PA-

SPME does not provide the reliability and reproducibility necessary for precise sorption 

experiments, specifically for alkyl chain lengths beyond 12 carbon atoms.
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Introduction

Cationic surfactants are commercially important compounds with diverse applications 

in industrial and household preparations such as detergents, preservatives, antiseptics, 

fabric softeners, and personal care products [161, 162]. The combination of a positively 

charged head group and one or more hydrophobic alkyl chains gives cationic surfactants 

their amphiphilic properties. It is well know that these cationic surfactants have a strong 

sorption affinity to different kinds of surfaces [163], and they are acknowledged as 

emerging contaminants in sewage sludge and sediments [164]. In environmental risk 

assessment, sorption is an important parameter that has an effect on the distribution of 

a compound among different compartments in the environment, including the aqueous 

phase, soil, sediment and biota. Within the aqueous phase itself, sorption to dissolved 

organic matter may affect the bioavailability, bioaccumulation and effects on biota [54]. 

Particularly for strongly sorbing cationic surfactants, bioavailability is an important feature 

in risk assessment [56, 163]

Within the context of bioavailability, the concept is that only freely dissolved molecules 

can cross biomembranes, and only the freely dissolved external concentration (C
free

) will 

equilibrate with the internal tissue concentrations to exert (adverse) effects [165-167]. Solid-

phase microextraction (SPME) is broadly used to measure the C
free

 of polar and non-polar 

analytes in a range of different matrices [93-96]. More recently, polyacrylate (PA) SPME 

has also been applied to sample quaternary ammonium based cationic surfactants [78, 

97]. PA-coated SPME fibers have sufficient cation exchange capacity (CEC) to effectively 

adsorb several nitrogen-based cationic surfactants to the fiber surface, whereas the CEC 

is low enough to prevent depletive extraction in most samples [54, 78]. PA-SPME has 

specific benefits when dealing with environmental samples: (i) the SPME coating is in 

direct equilibrium with C
free

, (ii) the small fiber volume (extraction phase) leads to selective 

isolation of analytes, resulting in relatively clean samples which can be analyzed without 

matrix effects, (iii) pH-modification of samples is not required for quantitative purposes 

since PA-SPME has sufficient affinity for positively charged species and can be calibrated 

at the required sample pH, (iv) the fiber structure eliminates problems related to typical 

sample clean-up steps using SPE or filter cartridges, such as solid phase clogging with 

suspensions and breakthrough volume with voluminous samples [98]. Thin film SPME 

(TFME) is a relatively new technique that has also been applied to sample cationic 

surfactants [168]. A detailed optimization of the TFME procedure was presented, including 

the evaluation of matrix effects [168]. TFME is mostly a depletive extraction technique, 
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while for some situations non-depletive sampling might be preferable. Liquid-phase 

microextraction (LPME) has also been suggested for analysis of cationic surfactants, but 

preparation of LPME is more time consuming and the applicability is less versatile [169]. 

PA-SPME opens the possibility of non-depletive sampling and can also be applied offline, 

for instance during toxicity testing or when sampling multiple phases in a closed system 

(anaerobic sediment, aerobic sediment, supernatant). However, the sorption coefficient 

to the PA-SPME fiber has to be carefully calibrated for each cationic surfactant in every 

medium of interest.

The main aim of this chapter was to elucidate the challenges and limitations when using 

PA-SPME to sample the C
free

 of a wide range of cationic surfactants, thereby determining 

the boundaries of the applicability domain. Cationic surfactants were selected based 

on structural diversity and environmental relevance. Whereas previous studies with PA-

SPME were limited to permanently charged quaternary ammonium compounds (QACs), 

the current study also included primary, secondary and tertiary amines, as well as several 

other types of QACs. Ionizable amines were included specifically as they exist partly as 

ionized and neutral species, depending on the pH, which may affect their affinity for PA-

SPME [97, 170].

It is well known that working with – and analysis of – cationic surfactants can be 

problematic, in the sense that aqueous concentrations are difficult to control. Losses can 

be expected from accumulation on gas-liquid or liquid-solid interfaces, and adsorption to 

negatively charged surfaces such as glassware, dissolved organic matter, clay particles, and 

biomolecules [54, 78]. Significant binding to glassware and other laboratory equipment can 

be expected [54], as well as sorption to PTFE lined septa and surfaces [81, 82]. Furthermore, 

the efficiency of electrospray ionization frequently employed with MS/MS analyses can be 

influenced by surfactants in a concentration-dependent matter [83].

In order to more easily determine and confirm aqueous concentrations in SPME 

calibration studies and adsorptive studies with laboratory equipment, this study tested 

the performance of a weak cation exchange solid phase extraction (WCX-SPE) cartridge 

for a wide range of cationic surfactants. In addition, sorption losses to glass vials and 

pipette tips was studied to assess flaws in experimental procedures and to design 

special methods to sample cationic surfactants most adequately. Sorption to glass was 

measured with five primary alkylamines (chain length range C
10-18

) and five quaternary 

alkyltrimethylammonium compounds (chain length range C
10-18

). Sorption was expected 
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to increase with increasing chain length [84], which makes working with the longest 

chain cationics extremely challenging. Therefore, one of the objectives was to identify the 

boundaries for application of SPE and PA-SPME with respect to longer alkyl chain isomers.

Combining findings regarding glass binding and SPE, the recovery of WCX-SPE 

was measured for all test chemicals. WCX-SPE was then used to measure aqueous 

concentrations when calibrating PA-SPME fibers in different matrices. Calibration under 

different conditions opens the possibility to determine fiber-water sorption affinity (K
fw

) 

as a function of exposure time, analyte concentration, pH or ionic composition, and 

reproducibility of the PA-SPME batch applied. Measuring K
fw

 of structural homologues 

could also lead to better understanding of the contribution of molecular structure to K
fw

 

for PA-SPME fibers. The conclusions presented could guide future studies on the use of 

PA-SPME in environmental and toxicological studies for (hydrophobic) cationic surfactants.

Materials and Methods

Selection of chemicals

An overview of the 32 selected compounds is given in Table 2.1. In their simplest form, 

these amines contain one alkyl chain (primary amines “P10, P12, P14, P16, P18”), and in 

addition one (secondary amines “S10, S12, S18”), two (tertiary amines “T10, T16”) or three 

(quaternary ammonium “Q10, Q12, Q14, Q16, Q18”) methyl groups. Tertiary diethanolamines 

(“2EtOH-T8,-T12,-T18”), benzalkonium (“BAQ-12,-14,-16,-18”) and pyridinium (“PYR12,-16”) 

compounds were added because of their environmental significance, and to evaluate the 

influence of more complex functional groups on sorption behavior. Amines with multiple 

alkyl chains were also included; secondary dialkylamine “S2-C10”, tertiary trialkylamines 

(“T3-C8, T3-C12”), quaternary dialkyldimethylammonium (“Q2-C10, Q2-C12, Q2-C14”) 

and tetraalkylammonium (“Q4-C8”). These amines with multiple alkyl chains are more 

hydrophobic than most single chain surfactants and constitute a challenge from an 

experimental and analytical perspective, because of their relatively stronger adsorptive 

properties. Amines with two long alkyl chains are widely used in various applications 

[36, 171], and it is of specific interest to determine how the second alkyl chain influences 

sorption in comparison to single chain surfactants.

2
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Chemicals and other materials

The molecular structures, suppliers, purities and physico-chemical properties of the 32 

amine based cationic surfactants are listed in the supporting information (table S1). Buffer 

salts and other salts were of analytical grade and were obtained from Merck (Darmstadt, 

Germany), except for CaCl
2
 which was obtained from Sigma-Aldrich (Zwijndrecht, The 

Netherlands). Trifluoroacetic acid (TFA) and formic acid (FA) were also obtained from Sigma-

Aldrich. All aqueous solutions were prepared using MilliQ ultrapure water (>18.2 MΩ∙cm-1, 

Millipore, Amsterdam, The Netherlands). Methanol (analytical grade) was obtained from 

BioSolve (Valkenswaard, The Netherlands). Aqueous concentrations of surfactants were 

determined using solid phase extraction (SPE), utilizing 3 mL/60 mg OASIS weak cation-

exchange cartridges (WCX-SPE), obtained from Waters (Etten-Leur, The Netherlands). The 

7 µm and 35 µm coated solid phase micro-extraction (SPME) fibers were obtained from 

Polymicro Technologies (Phoenix, AZ, USA), from a different batch than those applied in 

studies by Wang et al. and Chen et al. [78, 97, 172]

Table 2.1. Overview of test chemicals.

Chemical name Code Molecular structure

Decylamine P10

Dodecylamine P12

Tetradecylamine P14

Hexadecylamine P16

Octadecylamine P18

N –methyl-1-octanamine S8

N-methyl-1-dodecanamine S12
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Table 2.1. (Continued)

Chemical name Code Molecular structure

N-methyl-1-octadecanamine S18

N,N-dimethyl-1-decanamine T10

N,N-dimethyl-1-hexadecanamine T16

N,N,N-trimethyl-1-octanaminium bromide Q8

N,N,N-trimethyl-1-decanaminium bromide Q10

N,N,N-trimethyl-1-dodecanaminium chloride Q12

N,N,N-trimethyl-1-tetradecanaminium chloride Q14

N,N,N-trimethyl-1-hexadecanaminium chloride Q16

N,N,N-trimethyl-1-octadecanaminium chloride Q18

N-decyl-1-decanamine S2-C10

N,N-dioctyloctan-1-amine T3-C8

N,N-didodecyldodecan-1-amine T3-C12

2
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Table 2.1. (Continued)

Chemical name Code Molecular structure

N,N-didecyl-N,N-dimethylammonium bromide Q2-C10

N,N-didodecyl-N,N-dimethylammonium bromide Q2-C12

N,N-ditetradecyl-N,N-dimethylammonium 
bromide

Q2-C14

N,N,N-trioctyl-1-octanaminium bromide Q4-C8

N,N-dimethyl-N-dodecylbenzylaminium chloride BAQ12

N,N-dimethyl-N-tetradecylbenzylaminium chloride BAQ14

N,N-dimethyl-N-hexadecylbenzylaminium chloride BAQ16

N,N-dimethyl-N-octadecylbenzylaminium chloride BAQ18

1-N-dodecylpyridinium chloride monohydrate PYR12

1-N-hexadecylpyridinium chloride monohydrate PYR16

N,N-bis(2-hydroxyethyl)octylamine 2EtOH-T8

N,N-bis(2-hydroxyethyl)dodecylamine 2EtOH-T12

N,N-bis(2-hydroxyethyl)octadecylamine 2EtOH-T18
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Overview of experiments

SPE recovery was determined using two different aqueous media compositions: unbuffered 

10 mM CaCl
2 

solution and Dutch Standard Water (DSW). DSW has a pH of 8.2-8.4 and 

contains 1.36 mM Ca2+ and 0.73 mM Mg2+ as most important cations [173]. The 10 mM 

CaCl
2
 solution is the OECD-guideline recommended medium for sorption experiments 

[87], while DSW approximates the general ionic composition of hard (Dutch) freshwater 

and has been applied as such in ecotoxicological experiments [173]. If SPE recovery would 

not be negatively impacted by 10 mM of divalent Ca2+ cations, we expected WCX-SPE to 

be effective for most common testing media. Sorption to glassware was initially evaluated 

in 15 mM NaCl, following up on previous glass binding experiments [78]. Because of the 

lower suppression of the glass surface potential in medium of 15 mM NaCl compared to 

10 mM CaCl
2
 [87], DSW, and phosphate buffered saline (PBS), 15 mM NaCl was regarded 

as a medium where glass binding is most prominent. In these other media, higher 

ionic strength and/or divalent cations are expected to reduce glass binding of cationic 

surfactants. If glass binding has negligible impact on PA-SPME calibration in 15 mM NaCl 

medium, we pose that glass binding will not be an issue in other commonly applied test 

media. Sorption to pipette tips was studied only in 10 mM CaCl
2
. Sorption studies with 7 

µm and 35 µm PA fibers always applied 10 mM CaCl
2
, as one of the future applications of 

PA-SPME could be in standardized soil sorption studies with cationic surfactants. In PA-

SPME calibration experiments with ionizable amines the medium was always buffered with 

BES (N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid, Sigma-Aldrich, Zwijndrecht, The 

Netherlands) at pH 6.5, to ensure that >99.95% of the surfactant molecules (with pK
a
 > 10) 

were in the charged form. The pH-dependent affinity for PA-SPME fibers was studied for 

P12 and Q12 using phosphate and carbonate buffers, with an ionic strength of 100 mM Na+.

Determination of SPE recovery for cationic surfactants

Recovery upon elution from WCX-SPE cartridges (Waters, Etten-Leur, The Netherlands) 

was determined for the full set of test compounds. The method for this was adapted 

from Chen et al. [78]. The 3 cc 60 mg Cartridges were conditioned with 1 mL of MeOH, 

pre-equilibrated with 1 mL of MilliQ and equilibrated with 2 mL of DSW or 10 mM CaCl
2
. 

The test medium used in the equilibration phase was spiked while still retained on top 

of the SPE layer in the cartridge, using 50 µL of a MeOH stock solution. This was followed 

immediately by transfer of an additional 2 mL of medium into the cartridge, dispersing 

the methanol stock solution throughout the sample. Spiking was done on an analytical 

2
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scale to quantify the amount of stock solution added precisely. This spiking method was 

chosen to avoid binding of test compound to glassware and pipette tips. Through the 

addition of 4 mL medium in total, test concentrations of 6 and 120 nM were simulated. 

Following sample loading, each cartridge was washed two times with 3 mL of MilliQ and 

one time with 3 mL of MilliQ acidified with 0.5% TFA, bringing the WCX material into a 

neutral form. Finally, cationic analytes were eluted using 3 mL of acidic eluent mixture (90% 

MeOH, 10% MilliQ, 0.1% TFA v/v), with the final volume being weighed. This procedure 

was carried out in triplicate for each concentration and matrix. Controls were prepared in 

quadruplicate by spiking 3 mL acidic eluent mixture directly with 50 µL of stock solution, 

again on an analytical scale.

Sorption of cationic surfactants to glassware and pipette tips

Glass binding was measured by adding, in triplicate, 200 µL of stock solution (in MeOH) 

to either a clear glass 40 mL vial (Supelco 27181, supplied by Sigma-Aldrich, Zwijndrecht, 

The Netherlands) or an amber glass 120 mL flask (Supelco 23234, supplied by Sigma-

Aldrich, Zwijndrecht, The Netherlands). In addition, 1.5 mL short thread autosampler 

vials (Grace, Discovery Sciences) were tested. Vials were then filled to the top (in order to 

minimize headspace) with 15 mM NaCl solution. Control vials were instead filled to the top 

with MeOH; glass binding was not expected in 100% organic solvent. The final nominal 

concentration in all vials was approximately 4 µM. All vials were then placed on roller 

mixers for 24 hours in a darkened, climate controlled room (20±1°C). Roller mixers (Stuart 

Roller Mixer SRT9, set at 33 rpm) were used, as horizontal and orbital shakers may cause 

foaming, decreasing the freely dissolved concentration. After this a 3 mL aliquot of the 

samples in 15 mM NaCl was extracted from 40 and 120 mL flasks using the SPE method 

that was validated previously. The pipette tip used to sample a 3 mL aliquot in a single 

draw from the 40 mL vial or 120 mL flask was flushed with the acidic 90/10 eluent used for 

the SPE step, in order to extract any compound that might have adsorbed to the inside of 

the pipette tip. HPLC vials were transferred directly to the LC-MS/MS autosampler. Control 

vials were sampled without SPE and served as a 100% control where no glass binding 

was expected, which was verified by mass balance calculation. Subsequently, glass vials 

containing 15 mM NaCl solution were emptied using a Pasteur pipette, with less than 40 

µL of the original solution (< 0.1%) remaining in all cases. In order to extract any remaining 

compound from the glassware, 3 mL of the acidic 90/10 eluent was added to the emptied 

vials prior to placing them back on the roller mixer for several minutes. Glass binding was 

then evaluated by (i) direct comparison of aqueous samples with MeOH samples, and (ii) 
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evaluation of the amount of compound extracted from glassware. In addition, sorption to 

the outside of pipette tips was assessed in a separate experiment. Without drawing up the 

aqueous solution, pipette tips were submerged by approximately 1 cm for 10 seconds in 

1.5 mL vials containing a surfactant solution. After wiping off any drops of aqueous solution 

on the outside of the pipette tip, the tip was emerged in acidic eluent solution to extract 

cationic surfactant bound to the outside of the pipette tip.

Measuring of SPME uptake profiles and sorption isotherms with 7 µm and 
35 µm PA fiber

Sorption measurements to the PA-SPME fibers for a broad variety of surfactants were 

primarily executed using 10 mM CaCl
2
 medium, buffered at pH 6.5 with 100 µM BES. 

Experiments focusing on pH dependency of sorption isotherms were performed by using 

different phosphate and carbonate buffers to produce media with the desired pH, all with 

buffer strength of 10 mM and no additional salts added. Kinetic uptake profiles into the 

PA-SPME fibers were determined for P12 and Q12, based on 10 mM CaCl
2
 medium where 

possible and using alternative media for higher pH levels. Fibers were exposed in clear 

glass 40 mL vials with aluminum lined septa, placed on a roller mixer in a dark and climate 

controlled (20±1°C) room. The 7 µm PA-SPME fibers were cut to 50 ± 0.2 mm and 35 µm 

PA-coated SPME fibers to 40 ± 0.2 mm, using a bundle of SPME fibers packed in a stretch of 

folded aluminum foil and a laser guided paper cutter. Exposure duration was 4 days unless 

noted otherwise. Following exposure, fibers were blotted dry, gently wiped along a wet 

tissue and subsequently cut into ~1 cm pieces that were collected in a single autosampler 

vial. Fibers were desorbed in a weighed volume of the acidic eluent mixture for at least 

60 minutes, vortexed for 10 seconds, and stored at 4 °C until analysis. The volume of 

eluent added was based on the expected C
fiber

, upper and lower detection limits, and 

practical limitations. If necessary, eluent was further diluted before analysis. The aqueous 

concentration at the time of SPME sampling was determined following SPE clearance of 

inorganic medium salts, or direct injection of the salt medium to the LC-column. Direct 

injection of medium was done by pipetting a 200 µL aliquot from the test vial into an 

autosampler vial already containing 600 µL of eluent, rinsing the pipette tip five times with 

the eluent inside the autosampler vial to wash out any compound stuck to the inside of 

the pipette tip. These direct aqueous samples were analyzed using a solvent switch, in 

order to divert poorly-retaining inorganic salts to the waste outlet, before switching to a 

steep gradient that introduced the surfactant into the MS (see below). SPE eluted aqueous 

samples were analyzed using an isocratic HPLC method with shorter run time.

2
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Chemical analysis

Two Kinetex XB-C18 columns (Phenomenex, Torrance, USA) were used, which were end-

capped with trimethylsilyl and additional isobutyl groups at the base of the C18 chain. 

Core-shell columns were used because of their relatively low operating pressure and 

reduced band broadening when analyzing surfactants [174]. The specific placement of 

isobutyl sidechains helped to diminish peak tailing, which is otherwise expected when 

analyzing cationic surfactants using a silica-based stationary phase. A Kinetex 2.6 µm, 100 

Å 50 mm × 2.1 mm column was used with a flow rate of 200 µL/min for clean samples; 

i.e. SPE samples or fiber extracts. A similar column with larger particles (5 µm) was used 

for gradient analysis, as the increased particle size allowed for a higher flow rate (350 µL/

min) with decreased backpressure. Mobile phase was a mixture of A (MilliQ water with 0.1 

% formic acid) and B (MeOH with 0.1 % formic acid). Clean samples were analyzed using 

an isocratic flow of A and B; information on percentages of A and B for each compound 

is listed in table S3. Aqueous samples of P12 and Q12 were analyzed using a gradient of 

A and B, starting with 95% A for 2.5 minute which was then increased to 95% B over 1 

minute using a convex gradient, after which the flow was kept at 95% B for 2.2 minutes 

to be instantly changed back to 95% A to equilibrate the column for the next injection. 

During the first 2.5 minutes of the run analytes were effectively trapped on the column, 

allowing for dissolved salts to be washed off the column and be diverted to waste by using 

a solvent switch. LC-MS/MS settings are listed in table S2.

Data analysis

All data was analyzed using GraphPad Prism 6 for Windows (version 6.07).
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Results and Discussion

Performance of analytical equipment

Replicate sampling was used in all experiments, preferably with triplicate samples and 

duplicate or triplicate fibers. For PA-SPME samples, deviations between replicates of ≤20% 

were regarded as acceptable for surfactants [78, 175]. For aqueous samples and standards, 

deviations between replicates of ≤10% were regarded as acceptable. Calibration standards 

were also subject to replicate injections. Quality of calibration data was assessed by back-

calculation, where a deviation of ≤10% was deemed acceptable. For most compounds 

the LC-MS/MS performed best between concentrations of 5 nM and 20 µM, roughly four 

orders of magnitude. Since aqueous samples were always diluted four times with the 

acidic eluent mixture, the effective LOQ for aqueous samples was approximately 20 nM.

SPE recovery for cationic surfactants

As shown in Figure 1.1, Oasis WCX-SPE columns displayed a recovery ≥80% in all cases, 

and ≥90% for 16 of the 30 compounds tested. We thereby show that this SPE protocol 

can be confidently used to extract, retain, and elute all cationic surfactants tested from 

aqueous samples (see Figure 2.1), ranging from C8 to C18 alkylamines, including, C14-

dialkyldimethylammonium, C8-tetraalkylammonium, and benzalkonium and pyridinium 

compounds. The mixed-mode retention mechanism ensures favorable interaction 

between cationic surfactant and Oasis WCX sorbent when flushing the cartridge with water 

or even solvent at alkaline pH, because both ionic and hydrophobic interactions retain 

the surfactants, as well as when flushing with acidified water because then hydrophobic 

interactions with the neutralized WCX material still retain the surfactants. Elution is easily 

achieved for even the more hydrophobic cationic surfactants when using acidified solvent, 

which diminishes both ionic and hydrophobic interactions. Strong retention of analyte 

when flushing with acidified water is important, as (inorganic) cations that might be 

retained on the cartridge could cause artefacts if they are injected into the MS/MS. This 

WCX material should also be effective for complex technical cationic surfactant mixtures 

and environmental samples, as long as the ion-exchange capacity of the WCX material 

is not exceeded.
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Figure 2.1. SPE recovery for a broad series of cationic surfactants. Determined in DSW and 10 mM CaCl
2
.

 
Sorption of cationic surfactants to glassware and pipette tips

The extent of glass binding of simple primary amines increased considerably with alkyl 

chain length above a certain minimum length, as shown in Figure 2.2. Using the data 

obtained with glassware extractions, for example, for pH 6 buffered solutions with 15 mM 

NaCl as electrolyte for P10 less than 10% loss to the glass of 1.5 mL autosampler vials was 

determined, while more than 50% of the total spiked amount was sorbed to glass for P12 

amines (in the ~0.3 µM spiked group), which increased up to >80% for primary amines 

with longer alkyl chains. Direct comparison of aqueous samples with MeOH samples were 

generally in good agreement and lead to comparable estimates of extent of glass binding. 

This warrants against testing or storing such hydrophobic cationic surfactants in aqueous 
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solution in such small glass vials without careful measurement, as the actually dissolved 

concentrations may be several factors lower than nominal(ly intended) concentrations. 

Overall losses from the dissolved phase to glass surface in 40 and 120 mL flasks is markedly 

lower than in autosampler vials due to the lower area/volume ratio, but fractions lost to 

the glass surface were still >40% for P16 and P18. Results for the 1.5 mL autosampler vials 

also indicate a minor concentration dependency, with lower relative losses at higher spiked 

concentrations. The results for P18 seem somewhat counterintuitive, because at 0.3 µM 

the relative losses for P16 are higher than for P18 (Figure 2.2).

40 mL vials
Cnominal 5 mM

% of Anominal

0 20 40 60 80 100

P18

P16

P14

P12

P10 X 1.5 mL vials
Cnominal 0.3 mM

% of Anominal

0 20 40 60 80 100

P18

P16

P14

P12

P10 Pipette Tip
Cnominal 0.3 mM

% of Caqueous

0 10 20 30

P18

P16

P14

P12

P10

120 mL vials
Cnominal 5 mM

% of Anominal

0 20 40 60 80 100

P18

P16

P14

P12

P10 X

X

1.5 mL vials
Cnominal 5 mM

% of Anominal

0 20 40 60 80 100

P18

P16

P14

P12

P10 Pipette Tip
Cnominal 5 mM

% of Caqueous

0 10 20 30

P18

P16

P14

P12

P10

Figure 2.2. Glass binding and pipette tip binding for a series of primary amines. Determined in 10 mM CaCl
2
.

Significant binding of surfactant to the outside of 200 µL polypropylene (PP) pipette 

tips, which were dipped into aqueous solution, may lead to overestimation of the 

actually dissolved concentration when this amount is co-extracted upon releasing the 

pipetted sample into a vial filled with solvent. As shown in Figure 2.2, compared to glass 

surface binding, PP tip binding was significant only at higher alkyl chain lengths, and 

showed a more pronounced concentration dependency; considerably stronger at lower 

concentrations. For primary amines P10, P12 and P14, PP tip binding does not seem to be a 

significant artefact when sampling, but for P16 and P18 in 1.5 mL vials more than 20% of the 

total amount in aqueous solution (thus, excluding the glass sorbed fraction) can be sorbed 
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to the outside of the tip, which may cause a strongly confounding increase in sampled 

surfactant. P10 is the only compound with insignificant sorption in all instances. For P12 

and P14 sorption to glassware is increased, but sorption to pipette tips is still negligible. 

P16 and P18 have significant sorption losses to both PP tips and glass in all experiments. 

At pH 6.5, it is unlikely that sorption to glassware is influenced by the neutral form (<0.1%).

Sorption to glassware was generally lower for quaternary amines (see Figure 2.3), when 

compared with primary amines with equal alkyl chain length. Differences are especially 

obvious for 120 mL and 40 mL glass vials, where quaternary amines have approximately 

two times smaller adsorbed fractions. This does contradict sorption trends for several 

aluminosilicate clays, where quaternary ammonium displayed higher affinities than 

analogue primary amines [176, 177]. Sorption to 1.5 mL vials is roughly comparable with 

primary amines, with some slight differences for the shorter alkyl chain lengths. Binding 

to PP tips is much lower for quaternary amines than analogue primary amines. There is 

virtually no significant sorption to PP tips at 5 µM, except for Q18. Sorption is stronger at 

0.3 µM, though, but is still only significant for the longer alkyl chain lengths of ≥Q16.
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Figure 2.3. Glass binding and pipette tip binding for a series of quaternary amines. Determined in 10 mM CaCl
2
.
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Previous studies indicated that sorption of cationic surfactants to kaolinite increases with 

alkyl chain length [84]. Moreover, decreases in C
free

 due to sorption to a surface (e.g. glass) 

is often more substantial at lower concentrations because the surface sorption sites may 

become saturated at relatively high concentrations. This can significantly decrease C
free

 

in aqueous samples, hampering mass balance based calculations. In studies with an 

additional sorbent phase such as sediment or humic substances, glass binding might 

pose less of a challenge, if other sorption phase(s) are dominant by volume or affinity. Glass 

binding is hypothesized to be highest in solutions containing monovalent electrolytes with 

low salinity, whereas increases in salinity and presence of divalent cations lead to lower 

glass binding [24, 85, 86]. In addition, with glass adsorption being nonlinear this leads to 

concentration-dependent losses that are enhanced as analyte concentrations decrease.

Sorption of cationic surfactants to PA fiber

Initial sorption experiments were carried out on a large set of simple cationic surfactants of 

varying alkyl chain lengths. In contrast to previous publications from our lab on PA-SPME 

with quaternary ammonium compounds, however, for most compounds relatively large 

variability (>1 order of magnitude) within and between experiments was found (see figure 

S1 to S5). These effects seemed to increase with number of alkyl chains as well as alkyl chain 

length. Together, these results indicate that reproducibility of the PA-SPME taken from this 

batch of fiber material becomes too low, and uncertainty becomes too high, for accurate 

determination of C
free

 by passive sampling for compounds with more than one alkyl chain 

or an alkyl chain length of ≥14 carbon atoms. Similar findings of unfavorable sorption 

behavior of the current batch of 7 µm PA-SPME for anionic surfactants, compared to an 

older 7 µm PA-SPME batch [178, 179], were reported in one of our labs other recent studies 

[180]. As a partial solution, it is strongly advisable to perform a calibration and the full 

experiment with SPME fibers cut from one length of fiber, to rule out effects of variability 

in coating thickness along the length of a batch of fiber. Results of these more controlled 

experiments are presented in figures 2.4, 2.5, and 2.6. Combining these findings with 

previous research [78, 172, 181], it is difficult to establish a definitive applicability domain 

for PA-SPME, while the exact sorption mechanism of PA-SPME remains to be elucidated [78, 

170, 180]. Nor did it seem feasible anymore to systematically determine structural trends 

in K
fw

 for cationic surfactants on 7 µm PA-SPME, and define a K
fw

 QSAR, as was one of our 

key intentions with the current study. It was decided that detailed PA-SPME experiments 

in this chapter were limited to one ionizable and one permanently charged C
12

-chain 

cationic surfactant.

2
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Uptake kinetics with 7 and 35 µm PA-SPME fibers, for the ionizable P12 
and permanently charged Q12

Combining K
fw

 calibration samples with each experiment, uptake kinetics of two relatively 

short chain length surfactants onto PA-SPME fibers of two different polymer thicknesses, 7 

and 35 µm, were measured: an ionizable primary amine (P12) and quaternary ammonium 

compound (Q12). Kinetics for Q12 were determined only at pH 6.5; results are presented 

in figure S6. Both fiber coatings reach >90% of equilibrium in less than 6 hours. Overnight 

exposure is therefore sufficient for sampling of Q12. Kinetics for P12 were determined 

at pH 6.5 and pH 11.1 (Figure S7 and S8), to assess kinetics of both the ionic and the 

neutral form (pK
a
 P12 ~10.5). Both PA-coatings reach equilibrium at pH 6.5 fast enough 

to render overnight exposure is suitable to measure P12 under standard conditions. The 

neutral form of P12 needs more time to reach equilibrium, an effect that is correlated with 

coating thickness, which is a strong indication that the neutral form is absorbed into the 

PA polymer rather than adsorbed to the (charged) PA-surface (groups). At pH 11.1, >90% of 

equilibrium is reached in approximately 10 hours for the 7 µm fiber, while the 35 µm fiber 

needs 23 hours. Also of note is the more than one order of magnitude increase in K
fw

 of 

P12 between pH 6.5 and 11.1, for both PA-coatings. In theory, both fiber types are suitable 

to sample P12 at alkaline pH, although implementation of the PA coating at alkaline pH 

should be subject to additional testing.

Effect of ionic composition and pH on PA-SPME calibration curves

The effect of ionic composition of exposure medium on fiber uptake was measured for 

P12 and Q12 in two exposure media: 100 mM phosphate buffer (pH 7.8±0.1) and 10 mM 

CaCl
2
 buffered with 1 mM BES (pH 7.5±0.1). Results are presented in Figure 2.4. Switching 

medium from 100 mM Na+ to 10 mM Ca2+ leads to an order of magnitude decrease in K
fw

. 

This effect seems to be similar for P12 and Q12 and between fiber types, leading to the 

hypothesis that the higher competition of Ca2+ with cationic surfactants (in comparison 

with Na+) for cation exchange sites, and in more detail, the much stronger reduction of 

the surface potential by divalent cations that attracts the organic cations near the charged 

surface, are the principal causes [78].
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Figure 2.4. Influence of medium composition on fiber affinity. Higher fiber affinity is seen for 100 mM 
Na+ in all cases.

Effects of pH on PA-SPME calibration isotherms are presented in Figure 2.5 and 2.6 for 

P12 and Q12, respectively. The associated Freundlich coefficients and K
fw

 are presented 

in table S4 and S5, respectively. As expected based on the results of kinetic experiments, 

partitioning of the ionizable amine P12 to both PA-fiber coatings is highly pH-dependent 

(Figure 2.5), with a higher affinity of the neutral amine species compared to the protonated 

form. This effect is more pronounced in 35 µm coating, likely due to the lower cation-

exchange capacity of the 35 µm PA coating (Haftka et al. [170]) compared to the 7 µm PA 

coating, as suggested by Chen et al. [78]. When results for 7 and 35 µm PA-coatings are 

plotted together in Figure 2.5, it becomes obvious that K
fw

 is much more similar at pH 11.1. 

This further supports the hypothesis that the neutral amine fraction is absorbed into the 

fiber coating, a process that is unlikely to be impacted by differences in cation exchange 

capacity, and which can be corrected for by using concentration units per volume of 

coating. Assuming that the cationic amine has a maximum affinity at pH 6.8, the increase 

in affinity to the fiber with higher pH can be assumed to be due to the neutral fraction, 

and a pK
a
 may be fitted to the data.
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Figure 2.5. Influence of medium pH on fiber sorption for P12, determined in 100 mM Na+.

The sorption affinity of the permanent cation Q12 to PA fibers, however, showed a minor 

but distinct influence of medium pH above pH 6.8 (Figure 2.6), with about 0.8 log units 

for 7 µm fiber and 0.5 log units for the 35 µm fiber. This suggests that the number of ion-

exchange groups on the PA material surface may not be constant, and not only have a 

fixed pK
a
 of approximately 5, as assumed by Chen et al [78], but surface acid groups with 

pK
a
 values between pH 6-10 likely exist. As a result, it is not possible to accurately derive 

the pK
a
 value of P12 from the PA fiber isotherm data. Also, this stresses the need to always 

perform a calibration study in the exact same media as applied in test samples.
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Figure 2.6. Influence of medium pH on fiber sorption for Q12, determined in 100 mM Na+.

These ionic composition tests and pH series implicate that quaternary ammonium 

surfactants, as well as the cationic form of ionizable surfactants, have at least an order of 

magnitude higher affinity for the 7 µm PA fiber compared to the 35 µm PA fiber, as shown 

for the Q12 sorption isotherm differences at both pH 6.5 and pH 11. This corresponds 

to measured differences between these two PA-coatings reported previously for other 

cationic organic compounds [182], using different PA-fiber batches. This was assumed to 

be the result of a higher density of cation exchange sites on the surface of the 7 µm PA 

fiber. Cation exchange capacity (CEC) for the 7 µm fiber was determined in earlier work 

using Ba2+/Ca2+ substitution [78]. The CEC of ~20 mmol/L corresponds with the maximum 

C
fiber

 of quaternary ammonium surfactants below their respective CMC. The ion exchange 

groups are presumably unpolymerized carboxylic acids originating from the polyacrylate 

or polymethacrylate used to produce the fiber coating. In earlier work by Chen et al. the 

sorption affinity of quaternary ammonium surfactants was shown to increase in the pH 

range of 2-6, but did not differ between pH 6 and 8 [78]. These results led to the hypothesis 

that ion exchange sites dominate the sorption process of cationic surfactants to the PA 

fiber, i.e. sole interaction of hydrophobic alkyl chains with the PA surface is not a significant 

contributor. The decreasing affinity between pH 6 and 8 corresponds with the expected 

2
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pK
a
 of carboxylic acids (4-6), which are also important cation exchange sites in humic acids 

and the Oasis WCX-SPE cartridge. Based on this hypothesis, it was expected that the CEC of 

the 7 µm PA fiber would remain constant at pH ≥ 6.0, and that cationic surfactants would 

therefore have a constant affinity throughout the alkaline pH range. However, experimental 

results in this work have shown that this was not entirely the case.

Conclusions

The data presented in this publication on significant sorption to the outside of 

polypropylene pipette tip and various glassware, as well as irreproducible or highly 

scattered SPME sorption isotherms, show that analytically justified experiments with 

hydrophobic cationic surfactants are challenging. Sorption to glass becomes significant 

for surfactants with a carbon chain length above 10 carbon atoms. Sorption to glass 

surface may be as high as 90 % of the total added amount of C18 cationic surfactants, 

rendering ten times lower dissolved concentration than intended. Using pipette tips to 

sample hydrophobic cationic surfactants from aqueous solution, on the other hand, may 

substantially overestimate the amount of surfactant sampled from the medium when 

flushing the pipette tip in solvent (to make sure that the amount sorbed to the inside of 

the tip is included). Unwanted effects due to sorption are lower but can still be significant 

for quaternary ammonium surfactants. However, cationic surfactants with a diversity of 

structures, including multiple alkyl chains and functional groups and ionizable as well 

as permanently charged compounds, can be efficiently extracted from an aqueous 

phase with a weak cation exchange solid phase extraction (WCX-SPE) column. Extraction 

efficiencies were above 90 for almost all chemicals.

SPME is not a universal solution to measure cationic surfactants. There are certain 

specific issues beyond what was expected beforehand. The ultimate goal of this work 

was to lay down an applicability domain for PA-SPME in the context of sampling cationic 

surfactants. Although it proved to be difficult to establish detailed boundaries for such an 

applicability domain, the results indicate that alkyl chain lengths longer than 14 carbon 

atoms and the presence of multiple alkyl chains are highly likely to give irreproducible 

measurements. If PA-SPME is employed a calibration curve should always be measured 

together with the samples, using the same medium and batch of fiber. Although the 

PA-SPME calibration isotherms are confirmed to be near linear for low, environmentally 

relevant concentrations (Figure 2.4), the PA-SPME calibration curves become more non-

linear at high concentrations, which approach the CEC of the polymer (Figure 2.5-2.6) 
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[78]. Toxic effects of cationic surfactants in sediments have been observed at sorbed 

concentrations approximating 15% of the CEC of the sorbent [56], and the proportionally 

high freely dissolved concentrations in such systems are likely to be in the non-linear 

SPME calibration range. Unfortunately, this further hampers accurate use of PA-SPME for 

toxicity testing in the presence of mitigating sorbent [54]. At present, it seems that the 

PA-SPME material of the currently available batch does not provide enough reliability and 

reproducibility to warrant use for precise experiments on the environmental fate of cationic 

surfactants, especially with alkyl chain lengths beyond 12 carbon atoms.
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Table S1: Properties of test compounds.

Chemical name Code pKa 1
CMC

(mM)

Purity

(%)
Molecular structure

Decylamine P10 10.6 48 a 99.2

Dodecylamine P12 10.6 20 b >99.5

Tetradecylamine P14 10.6 4.2 c >98.5

Hexadecylamine P16 10.6 2.4 a 98

Octadecylamine P18 10.6 0.78 d 98

N –methyl-1-octanamine S8 10.9 – 98
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Table S1: (Continued)

Chemical name Code pKa 1
CMC

(mM)

Purity

(%)
Molecular structure

N-methyl-1-dodecanamine S12 10.5 – 97

N-methyl-1-octadecanamine S18 10.5 – 98

N,N-dimethyl-1-decanamine T10 9.8 – >93

N,N-dimethyl-1-

hexadecanamine
T16 9.8 – >95

N,N,N-trimethyl-1-

octanaminium bromide
Q8 N/A 260 e >98

N,N,N-trimethyl-1-

decanaminium bromide
Q10 N/A 95 f >98

N,N,N-trimethyl-1-

dodecanaminium chloride
Q12 N/A 23 g >99

N,N,N-trimethyl-1-

tetradecanaminium chloride
Q14 N/A 3-6 f, h >98

N,N,N-trimethyl-1-

hexadecanaminium chloride
Q16 N/A 0.94 i, j 96

N,N,N-trimethyl-1-

octadecanaminium chloride
Q18 N/A 0.1-0.3 k, h 98

N-decyl-1-decanamine S2-C10 11.0 – 97

N,N-dioctyloctan-1-amine T3-C8 10.7 – 98

N,N-didodecyldodecan-1-

amine
T3-C12 11 – 95

N,N-didecyl-N,N-

dimethylammonium bromide
Q2-C10 N/A 0.97 j, l 98

2
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Table S1: (Continued)

Chemical name Code pKa 1
CMC

(mM)

Purity

(%)
Molecular structure

N,N-didodecyl-N,N-

dimethylammonium bromide
Q2-C12 N/A 0.09 l, m 98

N,N-ditetradecyl-N,N-

dimethylammonium bromide
Q2-C14 N/A – >97

N,N,N-trioctyl-1-octanaminium 

bromide
Q4-C8 N/A – >98

N,N-dimethyl-N-

dodecylbenzylaminium 

chloride

BAQ12 N/A 6-9 n, o >99

N,N-dimethyl-N-

tetradecylbenzylaminium 

chloride

BAQ14 N/A 2.1 n, o >99

N,N-dimethyl-N-

hexadecylbenzylaminium 

chloride

BAQ16 N/A 0.48 i, n –

N,N-dimethyl-N-

octadecylbenzylaminium 

chloride

BAQ18 N/A – 90

1-N-dodecylpyridinium 

chloride monohydrate
PYR12 N/A – 98

1-N-hexadecylpyridinium 

chloride monohydrate
PYR16 N/A 1.1 p 98

N,N-bis(2-hydroxyethyl)

octylamine
2EtOH-T8 9.2 – –

N,N-bis(2-hydroxyethyl)

dodecylamine

2EtOH-

T12
8.5 2 1.0 q >98

N,N-bis(2-hydroxyethyl)

octadecylamine

2EtOH-

T18
9.2 – –

1 calculated values; 2 [181] ; a [183] ; b [184] ; c [185] ; d [186] ; e [187] ; f [188] ; g [189] ; h [190] ; i [191] ; j [192] ; k [193] ; l 
[194] ; m [195] ; n [196] ; o [197] ; p [198] ; q [199]; N/A = not applicable ; – = data not available
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Table S2: LC-MS settings.

The interface for the MS-MS was a Turbo Ion spray in positive ionization mode operated at 400°C. The following 
settings were used for all compounds: nebulizer gas (NEB) = 8; collision cell gas (CAD) = 3; collision cell entrance 
potential (EP) = 10 V; collision cell exit potential (CXP) = 12 V. Compound-specific settings can be found in 
the table. (CUR = curtain gas; IS = ion spray voltage; DP = declustering potential; FP = focusing potential; 
CE = collision energy)

Compound M1 m/z M3 m/z CUR IS (V) DP (V) FP (V) CE (V)

P10 158.3 57.1 6 4900 70 320 23

P12 186.4 70.9 7 4500 33 186 20

P14 214.4 57.1 6 4250 80 370 30

P16 242.5 57.2 8 4500 44 240 33

P18 270.3 57.2 7 4500 36 215 41

S8 144.1 71 7 4500 60 250 19

S12 200.2 70.9 7 4500 75 220 24

S18 284.3 57.2 8 5500 40 240 45

T10 185.9 57.1 7 4500 70 350 33

T16 270.5 57.1 6 5300 46 230 48

Q8 172.3 60 7 4500 43 292 34

Q10 200.3 60 8 3200 51 300 27

Q12 228.3 60 7 4500 58 292 39

Q14 256.5 60 7 4500 58 292 44

Q16 284.5 60 7 2050 54 325 52

Q18 313.5 60 7 5500 50 345 55

S2-C10 298.5 158.1 7 4500 113 212 30

T3-C8 354.5 57.1 7 3000 125 320 58

T3-C12 522.2 354.6 6 4000 65 290 54

Q2-C10 326.4 186.4 6 1800 64 236 40

Q2-C12 382.4 214.5 6 1750 45 245 44

Q2-C14 438.4 242.4 9 4500 74 240 51

Q4-C8 466.4 156.2 7 3000 90 300 58

BAQ12 304.4 90.9 9 5500 68 292 47

BAQ14 332.4 240.4 9 5000 58 345 32

BAQ16 360.4 268.4 7 4500 56 330 34

BAQ18 388.3 91 7 3000 100 175 57

PYR12 248.4 80.1 7 4500 45 270 33

PYR16 304.2 80.1 7 1750 45 290 45
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Table S3: HPLC settings.
 
HPLC settings and resulting retention times when operating with isocratic mobile phase. A = MilliQ with 0.1% 
formic acid, B = analytical grade methanol with 0.1% formic acid.

Compound % A % B Runtime Retention time

P10 47 53 5.5 3.7

P12 39.5 60.5 6.6 4.6

P14 31.5 68.5 5.3 3.5

P16 33 67 6.4 4.3

P18 17 83 4.8 3.1

S8 63 37 6.4 4.4

S12 39 61 4.4 3.0

S18 21.5 78.5 6.4 4.3

T10 48 52 6 4.1

T16 25 75 5.4 3.7

Q8 65 35 5.4 3.6

Q10 51 49 5 3.1

Q12 39.5 60.5 4.6 3.0

Q14 32.5 67.5 5.4 3.7

Q16 26 74 4.8 3.3

Q18 20.5 79.5 5.6 3.8

S2-C10 26 74 5.2 3.3

T3-C8 24 76 5.2 3.5

T3-C12 11 89 5.2 3.4

Q2-C10 27 73 5.8 3.8

Q2-C12 19 81 5.6 3.7

Q2-C14 14 86 5.6 3.5

Q4-C8 17 83 5.7 3.6

BAQ12 32.5 67.5 5.8 3.8

BAQ14 29.5 70.5 5.8 4.1

BAQ16 24 76 6.4 4.5

BAQ18 19 81 6.4 4.3

PYR12 38 62 6 4.1

PYR16 26 74 5.6 3.8
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Figure S1 (left): Fiber isotherm for P12. While the 3rd and 4th experiment both show relatively linear 
isotherms and good overlap, results for the 1st and 2nd experiment are significantly different. Figure S2 
(right): Fiber isotherm for S12. Results are relatively erratic along the whole measurement range, with 
poor consistency between the 1st and 2nd experiment.
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Figure S3 (left): Fiber isotherm for Q12. Difference in slope between 2nd and 3rd experiment leads to 
approximately 1 order of magnitude lower sorption coefficient at a concentration of 10 nM. Figure S4 
(right): Fiber isotherm for PYR12. Results show poor consistency with deviations >1 order of magnitude 
along the whole measurement range.
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Figure S5 (left): Fiber isotherm for Q2-C10. Results become more erratic above a buffer concentration 
of 10 nM; fiber uptake seems to level off above a fiber concentration of 1 mM. Figure S6 (right): Fiber 
uptake kinetics for Q12 in 7 µm and 35 µm fibers at pH 6.5.Dotted line indicates 90% of fiber C

max
 which 

is identical for both coating thicknesses.
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Figure S7 (left): Fiber uptake kinetics for P12 in 7 µm fibers, at pH 6.5 and pH 11.1.Dotted line indicates 
90% of fiber C

max
 at pH 6.5; broken line indicates 90% of fiber C

max
 at pH 11.1. Reaching C

max
 takes 

considerably longer at pH 11.1, supporting our hypothesis of absorption of the neutral fraction. Figure 
S8 (right): Fiber uptake kinetics for P12 in 35 µm fibers, at pH 6.5 and pH 11.1.Dotted line indicates 90% 
of fiber C

max
 at pH 6.5; broken line indicates 90% of fiber C

max
 at pH 11.1. Reaching C

max
 takes considerably 

longer at pH 11.1, supporting our hypothesis of absorption of the neutral fraction. It is also evident that 
this difference is much larger than observed for the 7 µm fiber, which further supports our hypothesis 
as molecules that are observed need more time to diffuse through the thicker coating.
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Table S4: Freundlich coefficients (7 µm fiber, 100 mM Na+).

Compound pH Freundlich coefficient Log K Number of datapoints

P12 6.8 0.71 ± 10.8% 3.43 ± 0.07 12

P12 7.8 0.71 ± 11.1% 3.67 ± 0.08 12

P12 8.4 0.76 ± 11.0% 3.96 ± 0.08 12

P12 9.7 0.69 ± 15.1% 4.37 ± 0.12 12

P12 10.6 0.64 ± 11.9% 4.42 ± 0.08 12

P12 11.1 0.65 ± 15.1% 4.56 ± 0.10 10

Q12 6.8 0.73 ± 11.6% 3.02 ± 0.08 12

Q12 7.8 0.67 ± 11.8% 3.25 ± 0.07 11

Q12 8.4 0.80 ± 18.2% 3.30 ± 0.14 12

Q12 9.7 0.80 ± 17.1% 3.61 ± 0.13 12

Q12 10.6 0.83 ± 16.2% 3.69 ± 0.12 12

Q12 11.1 0.79 ± 26.6% 3.81 ± 0.19 12

 
Table S5: Freundlich coefficients (35 µm fiber, 100 mM Na+).

Compound pH Freundlich coefficient Log K Number of datapoints

P12 6.8 0.72 ± 10.8% 2.30 ± 0.07 12

P12 7.8 0.77 ± 6.3% 2.70 ± 0.05 12

P12 8.4 0.88 ± 7.5% 3.11 ± 0.07 12

P12 9.7 0.77 ± 14.6% 3.79 ± 0.13 12

P12 10.6 0.68 ± 13.7% 3.95 ± 0.10 12

P12 11.1 0.57 ± 28.9% 4.07 ± 0.17 10

Q12 6.8 0.80 ± 12.3% 1.89 ± 0.09 12

Q12 7.8 0.78 ± 14.2% 2.25 ± 0.11 12

Q12 8.4 0.84 ± 25.4% 2.31 ± 0.20 12

Q12 9.7 0.82 ± 12.6% 2.42 ± 0.10 12

Q12 10.6 0.87 ± 17.2% 2.50 ± 0.13 12

Q12 11.1 0.81 ± 20.2% 2.52 ± 0.15 12

2
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Abstract

The mixed-mode (C18/strong cation exchange-SCX) solid-phase microextraction (SPME) 

fiber has recently been shown to have increased sensitivity for ionic compounds compared 

to more conventional sampler coatings such as polyacrylate and polydimethylsiloxane 

(PDMS). However, data for structurally diverse compounds to this (prototype) sampler 

coating are too limited to define its structural limitations. We determined C18/SCX fiber 

partitioning coefficients of seventeen cationic structures without hydrogen bonding 

capacity besides the charged group, stretching over a wide hydrophobicity range 

(including amphetamine, amitriptyline, promazine, chlorpromazine, triflupromazine, 

difenzoquat), and eight basic pharmaceutical and illicit drugs (pKa > 8.86) with additional 

hydrogen bonding moieties (MDMA, atenolol, alprenolol, metoprolol, morphine, nicotine, 

tramadol, verapamil). In addition, sorption data for three neutral benzodiazepines 

(diazepam, temazepam, and oxazepam) and the anionic NSAID diclofenac were collected 

to determine the efficiency to sample non-basic drugs. All tested compounds showed 

nonlinear isotherms above 1 mmol/L coating, and linear isotherms below 1 mmol/L. The 

affinity for C18/SCX-SPME for tested organic cations without H-bond capacities increased 

with longer alkyl chains, ranging from logarithmic fiber-water distribution coefficients (log 

D
fw

) of 1.8 (benzylamine) to 5.8 (triflupromazine). Amines smaller than benzylamine may 

thus have limited detection levels, while cationic surfactants with alkyl chain lengths >12 

carbon atoms may sorb too strong to the C18/SCX sampler which hampers calibration 

of the fiber-water relationship in the linear range. The log D
fw

 for these simple cation 

structures closely correlates with the octanol-water partition coefficient of the neutral form 

(K
ow,N

), and decreases with increased branching and presence of multiple aromatic rings. 

Oxygen moieties in organic cations decreased the affinity for C18/SCX-SPME. Log D
fw

 values 

of neutral benzodiazepines were an order of magnitude higher than their log K
ow,N

. Results 

for anionic diclofenac species (log K
ow,N

 4.5, pKa 4.0, log D
fw

 2.9) indicate that the C18-SCX 

fiber might also be useful for sampling of organic anions. This data supports our theory 

that C18-based coatings are able to sorb ionized compounds through adsorption and 

demonstrates the applicability of C18-based SPME in the measurement of freely dissolved 

concentrations of a wide range of ionizable compounds.
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Introduction

Solid-phase microextraction (SPME) is a simple, passive sampling technique [200]. This 

technique has been evolving rapidly in the last decade, with innovations in coatings 

or extraction phases used [201-203], changes in experimental set-ups to allow for high-

throughput sampling [204], and expanding to other fields of application including forensics 

[205], biomedical analysis [206], and in vivo sampling [207].

One of the recent advances in SPME is the use of so-called “mixed-mode” coatings. These 

coatings employ a mixture of two extraction mechanisms, thereby increasing analyte 

coverage. The C18/SCX fiber, consisting of a hydrophobic phase (C18) and strong cation 

exchange sites (SCX), is one of these “mixed-mode” coatings. The first publication on this 

fiber showed increased metabolite coverage (log K
ow

 ranging between -3 to 7) compared 

to other SPME coatings in an untargeted metabolomics profiling study in human plasma 

[208]. The authors later showed that this SPME coating could also be used in vivo, when it 

was applied in mice [208], pigs [209, 210] and rats [211]. The major benefit of the C18/SCX 

fiber is the relative high sorption affinity for hydrophilic compounds, such as amino acid 

analogues [212], neurotransmitters [213] and glucuronide drug conjugates [214]. These 

studies show the high sensitivity of C18/SCX SPME in metabolomics.

Additionally, steps have been made to elucidate the sorption mechanism of the C18/

SCX fiber. Using cationic amphetamine [182, 215] and cationic amitriptyline [215], a large 

number of variables have been identified that can influence sorption to the C18/SCX fiber. 

In general, the C18/SCX fiber shows increased sorption affinity for ionizable compounds 

compared to more conventional coatings, and over a wide pH range [181, 182]. Although 

C18/SCX fibers are not yet commercially available, these coatings could provide useful 

sampling tools in clinical application, where ionized or ionizable compounds are numerous, 

and for in vivo sampling, where matrix-modifying steps to ensure a large neutral fraction 

are impossible or undesirable.

Although the C18/SCX coating apparently has high sensitivity for cationic drugs, current 

data is limited to a few compounds. The chemical applicability domain of the mixed-

mode SPME as a passive sampler depends to a large extent on the range of sorption 

affinities; not too high to (i) deplete systems, (ii) readily saturate the sampler, and/or (iii) 

hamper calibration of the fiber in the linear range, and not too low to meet adequate 

detection limits at relevant concentration ranges. Here, we present data on the sorption of 

3
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various structurally different compounds to the C18/SCX fiber. We studied the sorption of a 

number of ionized amines and ammonium compounds with different alkyl chain lengths, 

to assess the influence of amine class and hydrophobicity. Additionally, we studied a large 

set of basic pharmaceuticals and illicit drugs with a pKa > 8 containing additional polar 

moieties besides the charged group, as well as 3 neutral benzodiazepines and the acidic 

non-steroidal anti-inflammatory drug (NSAID) diclofenac (pKa 4.0).

Materials and methods

Chemicals and materials

SPME fibers with mixed-mode coating (C18/propylsulfonic acid; C18/SCX) are prototype 

fibers provided by Supelco, Sigma Aldrich (Bellefonte, PA, USA). They are produced in a 

nearly identical way as commercially available biocompatible C18-SPME fibers. The C18/

SCX fibers consisted of a 3 cm piece of nitinol wire with a diameter of 202 µm of which 

1.5 cm contains the SPME coating, with an average thickness of 45 µm (fiber volume 524 

nL), delivered without the hypodermic needle used in the biocompatible C18-SPME fiber. 

Both C18 and propylsulfonic acid (2-2.5% sulfur loading) are bonded on porous HPLC 

column grade silica material (3 μm particles, mean pore size 100 Å, total surface area ~450 

m2g-1), which is then bound to the wire with a biocompatible polymeric binder (Supelco, 

personal communication). Phosphate buffered saline (PBS; pH 7.4) consisted of 138 mM 

NaCl, 8 mM Na
2
HPO

4
, 1.5 mM KH

2
PO

4
 and 2.7 mM KCl (all Merck, Darmstadt, Germany) 

dissolved in Milli-Q water (18.2 MΩ∙cm, Millipore, Amsterdam, The Netherlands). Some 

compounds were tested at pH 6.3 to ensure that >99% was present as the charged species. 

Tests at pH 6.3 were carried out using a 10 mM phosphate buffer with 50 mg/L NaN
3 
and 

NaCl, to a total ionic strength of 150 mM Na+. Ammonia solution (25%) was obtained from 

Merck, trifluoroacetic acid was obtained from Sigma Aldrich (Zwijndrecht, The Netherlands). 

Methanol and acetonitrile were HPLC-grade (BioSolve, Valkenswaard, The Netherlands). A 

list of all test compounds including molecular structures is given in table S1.

SPME procedure

Test solutions with different concentrations of analyte were made by spiking buffer using 

stock solutions in methanol, ensuring methanol fractions of <1%. During SPME fiber 

exposure, samples were placed on a roller mixer (40 rpm). After equilibrium was reached, 

fibers were transferred to vials containing 120 µL desorption fluid. Equilibrium times were 
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either determined empirically or fibers were exposed for at least 18 hours. Fibers were 

wiped gently using a paper tissue to remove any buffer droplets before placing them in 

desorption fluid. Desorption fluid for all compounds consisted of 90% acetonitrile and 10% 

Milli-Q water with 0.1% NH
3
 (of end volume), with a resulting pH of 11. After desorption and 

removal of the fiber, desorption solution was acidified to pH 2-3 using 60 µL 0.1 M HCl, to 

approximate the pH of the mobile phase [182]. To re-use the fibers, they were pooled after 

use, kept in desorption fluid overnight and subsequently stored in 50/50 methanol/Milli-Q 

at room temperature. C18/SCX SPME fibers show excellent repeatability and reproducibility, 

as previously described [215]. Fiber blanks (in triplicate) were incorporated in every 

experiment, using buffer solutions that had not been spiked to confirm the absence of 

carry-over between experiments. Since these fibers are intended for single use, they were 

checked regularly to monitor changes in sorption capacity after repeated use. If sorption 

capacity was decreased, new fibers were used for the next experiment.

For the linear alkyl amines, which were analyzed using LC-MS, fibers were desorbed using 

90% acetonitrile and 10% Milli-Q water with 0.1% trifluoroacetic acid (of end volume) with a 

pH around 2 [78], as linear alkyl amines are volatile in their neutral form (pH>8.5). Aqueous 

samples for analysis were prepared by transferring 200 µL of the aqueous phase to 600 

µL of this acidic desorption fluid. The resulting sample was mixed by repeated pipetting 

using the same pipette tip, to minimize loss of analyte to the tip. The acidic desorption 

fluid contained the tertiary amine N,N-dimethyldecylamine (T10) as internal standard to 

account for deviations in ionization efficiency.

The data in this paper has not been published previously, with exception of amphetamine 

[182], amitriptyline [215], diazepam [216], tramadol [216] and C12-DEA [181].

HPLC and LC-MS/MS parameters

All pharmaceuticals were analyzed using HPLC with either UV or fluorescence detection. 

Only the linear alkyl amines were analyzed using LC-MS/MS. For all equipment and 

parameters used, see Supporting Information section S2 and S3.

3
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Quantification and data analysis

Fiber concentrations as well as aqueous concentrations were always measured. Sorption 

coefficients were calculated using the aqueous concentration after exposing the fiber 

instead of the initial concentration. A calibration curve made from aqueous concentrations 

before exposure was used to calculate the remaining aqueous concentration after exposure 

and calculate depletion using a mass balance approach. A calibration curve in acidified 

desorption fluid was used to calculate the concentration in fiber desorption samples and 

to confirm the mass balance. Calibration curves for the linear alkyl amines were made in 

the previously described acidic desorption fluid, again with T10 added as internal standard. 

For the lowest aqueous concentrations of amitriptyline, promazine, chlorpromazine and 

triflupromazine, quantification was not possible as these aqueous concentrations were 

below the LOQ of the current HPLC method. To still establish a sorption isotherm at 

these concentrations, the mass balance approach was used to calculate the aqueous 

concentration after exposure, assuming negligible sorption to the vial surfaces (as was 

shown by complete mass balances obtained at all other tested concentrations).

Data was plotted and analyzed using GraphPad Prism 6 for Windows. All samples were 

prepared in triplicate, unless specified otherwise. Data are plotted as mean ± standard 

deviation in both x- (measured aqueous concentrations after fiber exposure) and 

y-direction (measured fiber concentrations). Fiber-water sorption coefficients (log D
fw

) are 

obtained by extrapolation of log linear curve to a sorbed concentration of 1 mmol/L fiber 

coating (at logY=0). Although the porous coating material on the C18/SCX fibers represents 

a specific surface area rather than a bulk sorbent volume, a fiber coating volume of 524 

nL was used as calculated according the average thickness of the fiber coating and the 

diameter of the nitinol wire, following refs [181, 182, 215].
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Results

Normalizing the sorption affinity to C18/SCX at an equal chemical activity 
of 1 mmol/L coating

Before comparing sorption affinities between chemicals, we had to normalize the sorption 

affinity to a similar sorbed concentration, a similar “activity” in the sorbed state because all 

currently tested compounds display nonlinear sorption isotherms over wide concentration 

ranges, as previously reported by us [182] and others [217-219]. For all of the tested cationic 

and neutral compounds, C18/SCX-SPME sorption isotherm data span at least two orders 

of magnitude of aqueous concentrations. The anionic diclofenac was only tested at three 

concentrations in order to get comparable C18/SCX sorption data to measurements on the 

C18 fiber reported in [215]. All tested cationic and neutral compounds showed nonlinear 

isotherms above sorbed fiber concentrations of 10 mmol/L coating (Figure 3.1).

As we have discussed before [215], the C18-based SPME coatings are produced using highly 

porous silica particles for which adsorption is the main sorptive process. Apparently at 

loadings around 10 mmol/L, sorption sites reach critical levels where competition effects 

reduce the partition coefficients of both neutral and ionic compounds. Sorption eventually 

reaches a maximum loading (readily visualized for the dataset on the tricyclic antidepressant 

chlorpromazine, Figure 3.1). Below fiber concentrations of 1 mmol/L coating, however, the 

slopes of the isotherms for all compounds are all close to a value of 1 on logarithmic 

scale plots, suggesting that sorption is a linear process at these sorbent loadings. Since 

nearly all compounds were measured at, or close to, sorbed fiber concentrations of 1 

mmol/L coating, we could fit the logarithmic fiber-water distribution coefficient (log D
fw

) 

at 1 mmol/L coating (Tables 3.1 and 3.2), with exception of compound #12 (N-C-Phen-C8). 

Log D
fw

 was estimated using a Freundlich fit of the data below 10 mmol/L coating, thus 

only incorporating data in the linear concentration range.

3
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Table 3.1. Fiber-water distribution coefficients (D
fw

) and octanol-water partition coefficients  of organic cations: 
simple structures containing only C, H and N.

Compound #
Amine 

type
Name a) Abbreviation b) Log Dfw 

c) Log Kow,N selected d)

Same carbon chain length, different amine type

1 NH
3

+
 
(1º) 1-octanamine N - C8 3.39 3.06

2 NH
2

+ (2º) N-methyl-1-octanamine N (C)  - C8 3.83 3.29

3 NH+ (3º)
N,N-dimethyl-1-

octanamine
N (C) (C ) - C8 3.78 3.78

4 N+ (4º)
N,N,N-trimethyl-1-

octaminium
N (C) (C) (C)  - C8 3.52 -

Primary amines, different carbon chains

5 NH
3

+ 1-decanamine N - C10 4.27 4.12

6 NH
3

+ 4-phenyl-1-butanamine N - C4 - Phen 2.79 2.36

7 NH
3

+ amphetamine e) N - C3 - Phen 2.64 1.81

8 NH
3

+ 2-phenylethanamine N - C2 - Phen 2.26 1.46

9 NH
3

+ 1-phenylmethanamine N - C - Phen 1.76 1.09

10 NH
3

+
1-(4-methylphenyl) 

methanamine
N - C - Phen  - C1 2.25 1.55

11 NH
3

+
1-(4-butylphenyl) 

methanamine
N - C -  Phen - C4 3.97 3.14

12 NH
3

+
1-(4-octylphenyl) 

methanamine
N - C - Phen  - C8 - 5.27

Quaternary amines

13 N+
N-benzyl-N,N-dibutyl-1-
butanaminium chloride

N (C4) (C4) (C4) - C 
- Phen

4.28 -

a) Structures of the test chemicals are presented in Table S1 of the Supporting Information.
b) Abbreviation is based on the structure.
c) Sorption coefficients including 95% confidence interval are presented in Table S4 of the SI file.
d) K

ow
 values are taken from different sources (see Table S5 of the SI file).

e) Amphetamine is a drug, but because of its simple structure it is included in this data set. The C3 moiety 
contains a branched methyl group.
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Table 3.2. Fiber-water distribution coefficients (D
fw

) and octanol-water partition coefficients of pharmaceutical 
and drugs. These organic cations containing C, H, N and in most cases H-bond donor and acceptor groups. 
Also, one anionic and three neutral compounds are included.

Compound #
Amine 

type
Name a)

No. Of H-bond donor 
(D) and acceptor (A) b)

Log Dfw 
c)

Log Kow,N selected 
d)

Tertiary amines, tricyclic compounds

14 NH+ Amitriptyline - 4.51 4.92

15 NH+ Promazine 1 A 4.56 4.55

16 NH+ Chlorpromazine 1 A 4.84 5.41

17 NH+ Triflupromazine 1 A 5.37 5.54

Diverse compounds

18 NH
2

+ MDMA 2 A 3.19 2.15

19 NH+ Tramadol 1 D, 2 A 3.31 2.51

20 NH+ Morphine 2 D, 3 A 2.38 0.89

21 NH+ Nicotine 1 A 2.43 1.17

22 NH+ Verapamil 5 A 4.94 3.79

23 NH+ C12-DEA e) 2 D, 2 A 4.55 4.69

24 N+ Difenzoquat e) - 4.29 -

Secondary amines, beta blockers

25 NH
2

+ Atenolol 2 D, 3 A 2.34 0.16

26 NH
2

+ Metoprolol 1 D, 3 A 4.03 1.88

27 NH
2

+ Alprenolol 1 D, 2 A 4.07 3.10

Neutral compounds, benzodiazepines

28 Neutr. Diazepam 2 A 4.15 2.82

29 Neutr. Temazepam 1 D, 2 A 4.02 2.19

30 Neutr. Oxazepam 2 D, 3 A 3.67 2.24

Anionic compound

31 COO- Diclofenac 1 D, 2 A 2.76 4.51

a) Structures of the test chemicals are presented in Table S1 of the Supporting Information.
b) H-bond donor and acceptor moieties were taken from [220].
c) Sorption coefficients including 95% confidence interval is presented in Table S4 of the SI file.
d) K

ow
 values are taken from different sources (see Table S5 of the SI file).

e) C12-DEA is a surfactant, difenzoquat is a pesticide.
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Figure 3.1. Sorption isotherms to the C18/SCX fiber exposed in PBS medium for 48-96h. Broken lines 
indicate a linear relationship between concentrations on C18/SCX fibers and dissolved concentrations 
with a D

fw
 of 1000 (log D

fw
 of 3). Horizontal dotted lines indicate sorbed concentrations of 1 mmol/L C18/

SCX which are used to calculate log D
fw

 values. Graphs (A-D) represent organic cations without oxygen 
containing H-bonding functional groups. Graph (E) are tricyclic antidepressant bases (also organic cations 
without oxygen containing H-bonding functional groups). Graph (F) are beta-blocker bases, graph (G) 
amphetamine bases, graph (H) analgesic bases, the basic calcium channel blocker (verapamil), and the 
cationic surfactant lauryl diethanolamine (C12-DEA), graph (I) benzodiazepines and the acidic NSAID 
diclofenac. Data for amphetamine is taken from ref. [182], data for amitriptyline from ref. [215], data for 
diazepam and tramadol are from [216], data for C12-DEA is from ref. [181], all with publisher permission. 
X- and Y-axes were kept identical to enable easy comparison.

 
C18/SCX sorption affinity of organic cations with only C and H atoms

Sorption affinities to the C18/SCX fiber were determined for several series of cationic 

C
x
H

y
N structures that lack hydrogen bonding moieties besides the amine or ammonium. 

Compared to series of more complex pharmaceutical test compounds, these simple 

cationic structures allow for a more straightforward evaluation of the influence on 

the C18/SCX sorption affinity of (i) amine type (comparing 1o, 2o, 3o octylamines and 

4o octyltrimethylammonium), (ii) different alkyl chain lengths (alkylbenzylamines), (iii) 
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presence of an aromatic ring, (iv) alkyl chain branching. This set of simple cations further 

allowed us to study the relationship between sorption affinities and simple molecular 

descriptors, as a framework to compare and predict the affinities of more complex organic 

cation structures.

Table 3.1 lists compounds with relatively simple structures with only C, H and N atoms. 

Using this small data set allows for a tentative estimation of fragment values for the 

contribution of simple molecular fragments, such as aliphatic carbon units, aromatic 

carbon units, and charged nitrogen moieties to the fiber-water sorption coefficient. Based 

on multiple linear regression of data for the eleven amines, fragment values were estimated 

(see Table 3.3 and Table S6). Fragment values for the different nitrogen head groups were 

not significant because each fragment for the head group occurs only once in the data 

set. Still – using the octylamines – there is a clear trend in the influence of amine type on 

sorption affinities, in the order 2º ≈ 3º > 4º > 1º, with a difference of 0.4 log units between 

2º and 1º octylamines (Table 3.1). Interestingly, 4º octyltrimethylammonium has three 

methyl groups attached to the nitrogen atom, but does not have the highest sorption 

affinity of the linear alkyl amines as would be expected based on the contribution of an 

additional methyl group. Quaternary ammonium compounds may show lower sorption 

than expected, as the charge delocalization around the nitrogen atom can be unfavorable 

in sorption processes. Since these simple amines were tested as >99.9% ionic species, it is 

unlikely that the fraction of neutral species contributed to sorption to the C18/SCX coating.

The trend in fragment values for D
fw

 follows the trend in K
ow,N

 based fragments for neutral 

nitrogen head groups (see Table 3.3). Clearly, the values for the N entities for sorption to 

the C18/SCX are much higher than values of the same fragments for the octanol-water 

system because of the lack of electrostatic interactions in octanol [221].

Fragment values for aliphatic carbon and for aromatic carbon in a phenyl group were 

significant: 0.48 ± 0.06 for aliphatic carbon and 0.29 ± 0.07 for an aromatic carbon (Table 

3.3). These values of 0.48 and 0.29 are very similar to fragment values for partitioning 

between water and octanol for neutral compounds: 0.49 for an aliphatic CH
2
 fragment 

and 0.23 for an aromatic carbon atom (Table 3.3). The difference in these fragment values 

for aliphatic and aromatic carbon atoms is related to differences in molecular volume or 

surface area of an aliphatic hydrocarbon chain versus an aromatic hydrocarbon. The van 

der Waals surface area (SA) of hexane (aliphatic C6) and benzene (aromatic C6) are 178 and 

110 Å2, respectively [222]. The ratio in SA of benzene versus hexane of 0.62 is similar as the 

3
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ratio in fragment values (C
aliphatic

 / C
aromatic

) for D
fw

 of 0.60. In addition to the influence of 

surface area, the hydrogen bond accepting character of an aromatic ring may also have a 

slight influence on sorption of aromatic compounds.

The D
fw

 of tributylbenzylammonium (compound #13) is lower than predicted via these 

fragments. The reason is likely the extensive charge delocalization on all branches on 

the amine (by one phenyl and three C4 chains) and the more bulky structure of this 

molecule. It also shows considerably lower affinity to C18/SCX as the simple aromatic 

amines. Amphetamine only has 1 branched methyl unit, and fits closely to the relationship 

observed for all simple aromatic amines.

Table 3.3. Fragment values for fiber –water partitioning (K
fw

) and octanol-water partition coefficient (see 
details in Table S6 of the SI).

Fragment
Fragment value for sorption 

to C18/SCX fiber
Fragment

Fragment value for partitioning 
to octanol (neutral compound) c)

- NH3+ -0.51 ± 0.59 a) - NH
2

-1.41

- NH2+ (C) -0.03 ± 0.55 a) - NH (C) -0.95

- NH+ (C)(C) -0.08 ± 0.55 a) - N (C)(C) -0.72

- N+ (C)(C)(C) -0.34 ± 0.55 a) n.a.d)

CH
2
 (aliphatic) 0.48 ± 0.07 b) CH

2
 (aliphatic) 0.49

CH (aromatic) 0.29 ± 0.09  b) CH (aromatic) 0.23

a) Fragment value is not significant (see text for explanation).
b) Fragment value is significant (p <  0.01).
c) Derived from EpiSuite [223].
d) Fragment value for quaternary nitrogen not available.

 
C18/SCX sorption affinity of pharmaceuticals and drugs with additional 
hydrogen bonding moieties

To study the sorption of more polar cations to the C18/SCX fiber, we used a set of 14 

different pharmaceutical and illicit drugs. Most of them are >98% cationic at test pH, with 

the exception of diazepam, oxazepam, temazepam (all neutral), and diclofenac (>99% 

anionic). Table 3.2 lists all log D
fw

 values (at a C
fiber

 of 1 mmol/L coating) for these more 

polar compounds. We found relatively high sorption affinities for all compounds tested. 

For the C
X
H

Y
N+ amine amphetamine, the C18/SCX fiber was shown to have increased 

sorption affinity compared to polyacrylate fibers [182], and this was also shown for a 

more hydrophobic cationic surfactant lauryl diethanolamine (C12-DEA) [181]. Haftka et al. 

measured sorption affinity of chlorpromazine to polyacrylate fibers at pH 7 and found log 
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D
fw

 values of 3.12 [170], while the C18/SCX fiber displays a 50-fold higher sorption affinity 

for chlorpromazine (log D
fw

 = 4.84 at pH 6.3, see table 3.2).

The following discussion of the sorption data to the C18/SCX fiber and the effects of 

chemical structure on sorption is based on a comparison with octanol-water partition 

coefficients of the neutral form of the compounds (log K
ow,N

). Of course log K
ow,N

 is typically 

used to describe the hydrophobicity driven sorption behavior of neutral compounds, and 

typically log K
ow,N

 accounts for differences due to the presence of aliphatic carbon chains 

and aromatic rings and many polar functional groups. Experimentally derived log K
ow,N

 

values are available for the neutral form of several of our compounds (Tables 1 and 2), and 

can be predicted with limited accuracy for the remaining set of compounds, e.g. using 

the EpiSuite algorithm or the ACD Labs software (see Table S5) . Using log K
ow,N

, however, 

precludes the analysis of quaternary ammonium compounds, since there is no neutral 

form for these organic salts. Since experimental log K
ow,N

 values are not available for several 

simple C
x
H

y
N+ amines, ACD labs estimates are used. For the set of organic cations, log K

ow,N
 

is a useful descriptor of the organic cations without an oxygen containing H-bond donor/

acceptor group, as shown in Figure 3.2. The tricyclic compounds agree well with the other 

simple amines based on their log K
ow,N

. Apparently the additional sulfur atom and chlorine 

or fluorine atoms do not lead to a significant increase in the sorption to the C18/SCX fiber.

When these groups of organic cations are combined they give a strong simple regression 

for all amines, only disregarding amines with oxygen containing H-bonding functionality:

Log D
fw,cation

 (at <1 mmol/L C18/SCX) = 0.80 (±0.07) ∙ log K
ow,N

 + 1.05 (±0.19), (eq. 1)

n=10, R2=0.946, sy.x (standard deviation of the residuals, as (SS/df)0.5) = 0.213

For three neutral benzodiazepine compounds, sorption affinity to the C18/SCX fiber does 

not appear to be readily predictable based on (experimentally derived) log K
ow,N

 values 

alone. Diazepam, oxazepam and temazepam are structurally very similar but do show 

significant differences in sorption affinity. Compared to diazepam, temazepam has an 

extra OH group, which causes a decrease in sorption affinity of approximately 0.1 log 

units (though not significant), while experimental log K
ow,N

 values differ by 0.6 log units. 

Oxazepam contains the same OH group but is also demethylated, further decreasing the 

C18/SCX sorption affinity by 0.3 log units, while experimental log K
ow,N

 values do not differ 

between oxazepam and temazepam (Table 3.2).
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The relationship in equation 1 illustrates again that cationic species sorb stronger than 

expected to the porous C18/SCX material on the mixed mode SPME fibers, taking into 

account that these ionized compounds also display a very high aqueous solubility. Similar 

conclusion can be drawn from the fragment values in Table 3.3. It is also interesting to note 

that six polar compounds are well predicted with the log K
ow,N

 relationship, while three are 

substantial outliers that sorb much stronger to the C18/SCX fiber than predicted by the 

log K
ow,N

 of the neutral form. The three cationic beta-blockers have a similar backbone, 

containing multiple polar groups, but with different substitutions on the aromatic ring: 

atenolol (log K
ow,N

 0.16, methylamide in para-position) and metoprolol (log K
ow,N

 1.88, 

methoxyethyl in para-position) sorb a factor 15 and 30, respectively, stronger to the C18/

SCX material than predicted by eq. 1, while the more hydrophobic beta-blocker alprenolol 

(log K
ow,N

 3.10, vinyl group in ortho-position) differs only by a factor of 3. The only other 

polar organic cation that differs more than a factor of 5 is the large calcium channel blocker 

verapamil (log K
ow,N

 3.79, two aromatic rings, 4 ethers). The other polar organic cations 

nicotine (heterocyclic nitrogen), MDMA (methylenedioxy), tramadol (hydroxy and methoxy 

units), morphine (complex polycyclic diol) all sorb up to a factor 3 stronger when compared 

to the regression based on simple C
x
H

y
N+ amines. The cationic surfactant C12-DEA appears 

to follow the sorption as predicted based on log K
ow,N

, while containing 2 ethanol groups.
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Figure 3.2. Relationship between octanol-water partitioning of neutral species (ACD Labs estimates 
for C

x
H

y
N+ amines, experimental values for all others) and linear sorption affinity to the C18/SCX coating 

of the corresponding cationic species. C
x
H

y
N+ compounds are from table 3.1, with exception of the 

quaternary amines (compounds 4 and 13, as these have no log K
ow,N

) and compound 11 (as log D
fw

 could 
not be extrapolated accurately). The polar amines are listed in table 3.2, compounds 18-23. The dotted 
line indicates a 10x higher sorption affinity to the C18/SCX fiber compared to the log K

ow,N
 relationship 

(line = 0.80∙ log K
ow,N

 + 2.05).

 

Other physicochemical descriptors than log K
ow,N

 may be sought to derive an overall 

polyparameter relationship for organic cations, which includes the sorption values of 

atenolol, verapamil and metoprolol, to predict the linear sorption affinity to C18/SCX. 

For instance, Difilippo and Eganhouse [224] combined sorption affinities of hydrophobic 

organic compounds to polydimethylsiloxane (PDMS) coated fibers and were able to 

predict sorption through a polyparameter linear solvation energy relationship (LSER), using 

parameters related to the refractive index, polarizability and hydrogen bonding capacities 

in addition to the molecular volume. A similar compilation was made by Endo et al. [92] 

for a diverse set of neutral organic compounds, where sorption to polyacrylate coated 

SPME fibers could be predicted through polyparameter linear free energy relationship 

(PP-LFER) models. Limitation of these polyparameter predictions is that they only seem 

to be applicable to sorption of neutral compounds to neutral SPME coatings, and the 

3
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required experimental molecular descriptors are (i) not equally relevant, and likely even 

different for charged chemicals, and (ii) none are available for the neutral form of the tested 

chemicals in our study.
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Figure 3.3. Comparison of sorption of diclofenac to the C18/SCX and C18 fiber. Exposure time was 72 
hours. Dotted line indicates linearity.

 

The predominantly anionic compounds diclofenac shows substantial sorption to the C18/

SCX fiber, which is surprising as it was expected that the anionic species are repulsed from 

the (presumably) negatively charged C18/SCX surface. Based on its log K
ow,N

, diclofenac 

indeed sorbs a factor 64 lower than predicted by the organic cation regression of equation 

1. At pH 7.4, only 0.04% of diclofenac is present in the neutral form. Comparison of the C18/

SCX fiber and C18 fiber (without strong cation exchange sites) shows equal sorption of 

diclofenac to both fiber types (figure 3.3). The strong cation exchange groups in the C18/

SCX coating do not appear to inhibit sorption of anionic diclofenac. However, as sorption 

of diclofenac is lower than the predicted sorption based on log K
ow,N

, which could indicate 

that both the C18 and the C18/SCX coating contain sorbent material that repulses anions. 

We have previously hypothesized that deprotonated free silanol groups might contribute 

to the sorption of cations, and counteract the sorption of anions [182, 215]. However, to be 
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able to predict sorption behavior of anionic compounds, the data set on these compounds 

should be extended.

Comparison of C18/SCX fibers with cation-exchange membranes

Recently, ion-exchange membranes were applied to study freely dissolved concentration 

of ionized compounds [219]. A cation exchange membrane (IEM) was used to study the 

sampler affinity in HBSS buffer (pH 7.4) for the cationic compounds nicotine, difenzoquat 

and verapamil. Here, we studied the sorption affinity of these compounds to the C18/SCX 

fiber and compared sorption affinities and Freundlich slopes (n
F
) of both passive sampling 

devices (figure 3.4).
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Figure 3.4. Comparison of sorption isotherms for difenzoquat, nicotine and verapamil to the C18/SCX 
fiber and ion-exchange membranes [219].

Using the IEM, good results were obtained for difenzoquat and nicotine. However, 

sorption of verapamil resulted in a nearly constant concentration in the IEM at any water 

concentration tested, reflected by the Freundlich slope of 0.08 [219]. According to the 

authors, the IEM was already saturated at the lowest water concentration tested. However, 

this is inconsistent with the total ion-exchange capacity of these membranes, which is 
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reported at 1200 mmol/kg. Using the C18/SCX fiber, good results were obtained for all 

three compounds. Freundlich slopes are somewhat more nonlinear than those obtained 

with the IEM, with exception of verapamil (table 3.4). As the cation-exchange capacity 

of the C18/SCX fibers (~400 mmol/L coating) is a factor three lower than that of the IEM, 

sorption of cationic compounds to the C18/SCX fiber starts to level off at a lower fiber 

loading compared to the IEM.

For both passive sampling materials, molecular size and structural geometry could 

influence the accessibility of the ion-exchange sites. It is likely that sorption of verapamil 

to the IEM is limited by its large molecular size, thereby limiting the occupation of all 

cation-exchange sites. This compound has more predictable sorption to the C18/SCX 

fiber, as highlighted by the higher Freundlich coefficient. This could be the result of 

the highly porous nature of the C18/SCX coating, making it more accessible for larger 

compounds. This porosity can also have disadvantages, such as fouling of the device in 

protein-containing samples. A good example is fouling with bovine serum albumin (BSA). 

This fouling effect is larger for the IEM at low BSA concentrations, but larger for the C18/

SCX fiber at high BSA concentrations [216].

Table 3.4. Comparison of sorption isotherm parameters for difenzoquat, nicotine and verapamil using ion-
exchange membranes [219] or C18/SCX fibers.

Compound

This study Oemisch et al.

K
F

(10 µM)
n

F

(0.01-1 mmol/L)
log D

fw

at 1 mmol/L
K

F

(10 µM)
n

F

(1-100 µM)
log K

IEM/water

at 1 mmol/kg

difenzoquat 3.21 0.53 4.29 4.40 0.74 5.23

nicotine 2.25 0.57 2.43 2.70 0.75 2.93

verapamil 4.55 0.87 4.94 2.32 0.08 7.12

Distribution coefficients (log K
IEM/water

 for the ion-exchange membranes and log D
fw 

for the C18/SCX fibers) 
are calculated at C

aq 
of 10 µM using the Freundlich equation with exponent n

F
 over the tested dissolved 

concentration range, and at a constant sorbed “activity” of 1 mmol/kg.
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Conclusion

The C18/SCX fiber has previously shown to be capable of extracting cationic compounds. 

Here, the data set for sorption of cationic compounds is expanded. In addition, sorption of 

three neutral compounds and one anionic compound is incorporated. As all compounds 

show sorption to the C18/SCX fiber, this strongly supports our hypothesis that ionized 

compounds sorb to C18-based SPME coatings through adsorptive processes. The strong 

cation exchange groups in the C18/SCX fiber increase sensitivity of this fiber for cationic 

compounds, but could also make the C18/SCX fiber more prone to competitive effects of 

salts, especially for polar cations with relatively low sorption affinities (e.g. log D
fw

<2). This 

makes modeling sorption of ionizable compounds to the C18/SCX fiber difficult. However, 

there is a clear linear relationship between molecular weight and sorption affinity for alkyl 

amines and aromatic amines without oxygen-containing H-bonding groups. Moreover, this 

relationship also exists for all C
x
H

y
N+ cations based on log K

ow,N
, facilitating the expectations 

for the calibration feasibility of the C18/SCX fiber for related organic cation structures, e.g. 

cationic surfactants. More polar compounds, i.e. cations with oxygen-containing H-bonds, 

sorb as strong as or stronger to the C18/SCX fiber than predicted based on this log K
ow,N

 

relationship.

3
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Table S1: Test compounds

CxHyN compounds

Compound Supplier
CAS 

number
Molecular structure

N-C-Phen

1-phenylmethanamine

Sigma-

Aldrich
100-46-9

N-C-Phen-C1

1-(4-methylphenyl)methanamine

Sigma-

Aldrich
104-84-7

N-C-Phen-C4

1-(4-butylphenyl)methanamine
Chemos 57802-79-6

N-C2-Phen

2-phenylethanamine

Sigma-

Aldrich
64-04-0

N-C4-Phen

4-phenyl-1-butanamine

Sigma-

Aldrich
13214-66-9

N-C-Phen-C8

1-(4-octylphenyl)methanamine
Chemos 176956-02-8

N (C4) (C4) (C4) – C-Phen

N-benzyl-N,N-dibutyl-1-butanaminium 

chloride

Acros 54225-72-8

N-C8

1-octanamine
Alfa Aesar 111-86-4

N-C10

1-decanamine

Sigma-

Aldrich
2016-57-1

N (C)-C8

N-methyl-1-octanamine
Alfa Aesar 2439-54-5

N (C) (C)-C8

N,N-dimethyl-1-octanamine

Sigma-

Aldrich
7378-99-6

N (C) (C) (C)-C8

N,N,N-trimethyl-1-octaminium bromide

Sigma-

Aldrich
2083-68-3

C12-DEA

N-dodecyl-N,N-diethanol amine
Akzo Nobel 1541-67-9
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Pharmaceuticals and illicit drugs

Compound Supplier
CAS

 number
Molecular structure

Alprenolol Sigma-Aldrich 13655-52-2

Amitriptyline Sigma-Aldrich 50-48-6

Amphetamine Spruyt Hillen 300-62-9

Atenolol Dr. Ehrenstorfer 29122-68-7

Chlorpromazine Sigma-Aldrich 50-53-3

Diazepam Spruyt Hillen 439-14-5

Diclofenac Sigma-Aldrich 15307-86-5
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Pharmaceuticals and illicit drugs (Continued)

Compound Supplier
CAS

 number
Molecular structure

Difenzoquat Sigma-Aldrich 49866-87-7

MDMA

(methylene dioxy 

methamphetamine)

Duchefa 42542-10-9

Metoprolol Dr. Ehrenstorfer 51384-51-1

Morphine Spruyt Hillen 57-27-2

Nicotine Sigma-Aldrich 54-11-5

Oxazepam Spruyt Hillen 604-75-1

Promazine Sigma-Aldrich 58-40-2

Temazepam Spruyt Hillen 846-50-4

3
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Pharmaceuticals and illicit drugs (Continued)

Compound Supplier
CAS

 number
Molecular structure

Tramadol Sigma-Aldrich 27203-92-5

Triflupromazine Sigma-Aldrich 146-54-3

S

N

F

F
F

N

CH3

CH3

Verapamil Sigma-Aldrich 52-53-9
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Table S2: HPLC analysis parameters

The LC system used was a Prominence HPLC, consisting of two pumps, an autosampler, a column oven, a UV-
detector and fluorescence detector, all from Shimadzu (‘s-Hertogenbosch, The Netherlands), and a C18 column 
(GraceSmart RP18, ID 150 x 2.1 mm, 5 μm particle size, Grace, Breda, The Netherlands). Column oven was set 
at 40°C, mobile phase flow rate was 0.4 mL/min (with exception of nicotine, which was 0.2 mL/min). For all 
drugs, isocratic elution was achieved by using a ratio of 10 mM phosphate buffer at pH 3 and organic phase. 
Some linear alkyl amines were separated using a gradient. Detection was either with UV or fluorescence. For 
any compound that could be detected using fluorescence, UV detection was usually also employed, but the 
fluorescence signal was used for quantification. Used ratios of buffer and organic phase, UV wavelength and/
or fluorescence excitation and emission wavelengths for each compound are summarized in the table below.

CxHyN compounds

Compound Ratio buffer : organic UV wavelength Fluorescence (λex/λem) LOQ (nM)

N-C-Phen 97 : 3 (A) 208 nm - 1050

N-C-Phen-C1 98 : 2 à 40 : 60 (A) 211 nm - 400

N-C-Phen-C4 100 : 0 à 40 : 60 (A) 217 nm - 175

N-C-Phen-C8 80 : 20 à 25 : 75 (A) 208 nm - 1350

N-C2-Phen 96 : 4 (A) 208 nm - 375

N-C4-Phen 91.5 : 8.5 (A) 208 nm - 385

N(C4)(C4)(C4)-C-Phen 100 : 0 à 25 : 75 (A) 208 nm - 200

 
Pharmaceutical and illicit drugs

Compound Ratio buffer : organic UV wavelength Fluorescence (λex/λem) LOQ (nM)

Alprenolol 70 : 30 (A) 220 nm 230/302 nm 10

Amitriptyline 65 : 35 (A) 239 nm - 420

Amphetamine 95 : 5 (A) 208 nm 204/280 nm 45

Atenolol 94 : 6 (A) 220 nm 230/302 nm 15

Chlorpromazine 48 : 52 (M) 255 nm - 60

Diazepam 55 : 45 (A) 240 nm - 175

Diclofenac 55 : 45 (A) 276 nm - 965

Difenzoquat 70 : 30 (A) 254 nm - 215

MDMA 90 : 10 (A) 205 nm 285/320 nm 175

Metoprolol 85 : 15 (A) 220 nm 230/302 nm 10

Morphine 95 : 5 (A) NA 235/345 nm 1085

Nicotine 95 : 5 (A) 260 nm - 120

Oxazepam 55 : 45 (A) 240 nm - 65

Promazine 48 : 52 (M) 251 nm - 50

Temazepam 55 : 45 (A) 240 nm - 260

Tramadol 85 : 15 (A) 205 nm 200/300 nm 100

Triflupromazine 43 : 57 (M) 256 nm - 50

Verapamil 70 : 30 (A) 210 nm 280/315 nm 10

Mobile phase composition and detection wavelengths for all study compounds. Organic phase is acetonitrile 
(A) or methanol (M).
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Table S3: LC-MS parameters

The compounds without UV absorption, i.e. the linear alkyl amines, were analyzed using LC-MS/MS. A Perkin-
Elmer liquid chromatography system (Norwalk, CT, USA) was coupled to a triple quadrupole/linear ion trap mass 
spectrometer (MDS Sciex API3000 LC-MS/MS System, Applied Biosystems, Foster City, CA, USA). The interface 
was a Turbo Ion spray source set in positive ionization mode at 4500V and operated at 400°C. Separation 
occurred through a Kinetex 2.6 µm XB-C18 column (50 × 2.1 mm, 100Å) with a UPLC C18 guard column. Mobile 
phase consisted of Milli-Q water and methanol both containing 0.1% formic acid, and each compound was run 
using a gradient. Run started at 5% methanol for 3.5 minutes, then increasing to 95% methanol in 1 minute. 
95% methanol was maintained until 5.8 minutes, then immediately returned to 5% methanol until the end of 
the run (6.8 minutes). N(C)(C)-C10 is the internal standard used in the LC-MS analysis for each of the linear alkyl 
amines. A solvent switch was set to waste from 0 to 3.9 minutes, to MS from 4.0 until 6.4 minutes, and then 
to waste until end of the run. Acquisition was achieved using Analyst 1.4.2 (MDS Sciex Applied Biosystems) in 
selected reaction monitoring mode with fragmentation at specific m/z values.

Compound DP (V) FP (V) CV (V) M1 m/z M3 m/z LOQ (nM)

N-C8 70 200 16 130.1 70.9 <5

N-C10 35 200 18 158.2 71.1 <1

N(C)-C8 60 250 19 144.1 71.0 <1

N(C)(C)-C8 80 200 30 158.4 46.0 <5

N(C)(C)(C)-C8 43 292 34 172.3 60.0 <1

N(C)(C)-C10 (IS) 70 350 33 185.9 57.1 -

DP: declustering potential
FP: focusing potential
CV: collision voltage
Analysis details of C12-DEA are provided in: Wang F, Chen Y, Hermens JLM, Droge STJ, Evaluation of passive 
samplers with neutral or ion-exchange polymer coatings to determine freely dissolved concentrations of the basic 
surfactant lauryl diethanolamine: Measurements of acid dissociation constant and organic carbon–water sorption 
coefficient. Journal of Chromatography A (2013): 1315; 8-15.
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Table S4: Sorption coefficients of all test compounds including confidence interval

Compound Log Dfw (95% CI) N

1-octanamine 3.39 (3.33-3.45) 21

N-methyl-1-octanamine 3.83 (3.79-3.87) 24

N,N-dimethyl-1-octanamine 3.78 (3.73-3.84) 24

N,N,N-trimethyl-1-octaminium bromide 3.52 (3.49-3.55) 24

1-decanamine 4.27 (4.21-4.33) 17

4-phenyl-1-butanamine 2.79 (2.24-3.34) 8

Amphetamine 2.64 (2.59-2.69) 43

2-phenylethanamine 2.26 (2.20-2.31) 19

1-phenylmethanamine 1.76 (1.74-1.78) 12

1-(4-methylphenyl)methanamine 2.25 (2.20-2.30) 26

1-(4-butylphenyl)methanamine 3.97 (3.86-4.08) 18

1-(4-octylphenyl)methanamine - -

Amitriptyline 4.51 (4.45-4.56) 18

Promazine 4.56 (4.51-4.72) 17

Chlorpromazine 4.84 (4.76-4.91) 11

Triflupromazine 5.37 (5.24-5.49) 10

N-benzyl-N,N-dibutyl-1-butanaminium chloride 4.28 (4.11-4.45) 15

Difenzoquat 4.29 (4.25-4.34) 18

MDMA 3.19 (3.16-3.23) 21

Atenolol 2.34 (2.30-2.38) 18

Metoprolol 4.03 (3.94-4.13) 6

Alprenolol 4.07 (4.02-4.13) 16

Tramadol 3.31 (3.28-3.34) 21

Morphine 2.38 (2.32-2.43) 21

Nicotine 2.43 (2.31-2.54) 18

Verapamil 4.94 (4.84-5.05) 9

N-dodecyl-N,N-diethanol amine 4.55 (4.45-4.62) 6

Diazepam 4.15 (4.11-4.20) 27

Temazepam 4.02 (3.98-4.05) 24

Oxazepam 3.67 (3.65-3.70) 24

Diclofenac 2.76 (2.61-2.87) 6
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Table S5: Octanol-water partition coefficients

Compound
Log Kow

Exp. EpiSuite ACD

1-octanamine 2.90 2.80 3.06

N-methyl-1-octanamine - 3.27 3.29

N,N-dimethyl-1-octanamine - 3.48 3.78

N,N,N-trimethyl-1-octaminium bromide - - -

1-decanamine - 3.78 4.12

4-phenyl-1-butanamine 2.40 2.54 2.36

Amphetamine 1.76 1.76 1.81

2-phenylethanamine 1.41 1.34 1.46

1-phenylmethanamine 1.09 1.07 1.09

1-(4-methylphenyl)methanamine 1.46 1.62 1.55

1-(4-butylphenyl)methanamine - 3.09 3.14

1-(4-octylphenyl)methanamine - 5.05 5.27

Amitriptyline 4.92 4.95 4.92

Promazine 4.55 4.56 4.63

Chlorpromazine 5.41 4.32 5.20

Triflupromazine 5.54 5.52 5.70

N-benzyl-N,N-dibutyl-1-butanaminium chloride - - -

Difenzoquat - - -

MDMA 2.15 2.28 1.81

Atenolol 0.16 -0.03 0.10

Metoprolol 1.88 1.69 1.79

Alprenolol 3.10 2.81 2.88

Tramadol 2.51 3.01 2.51

Morphine 0.89 0.72 0.43

Nicotine 1.17 1.00 0.72

Verapamil 3.79 4.80 3.90

N-dodecyl-N,N-diethanol amine - 4.11 4.69

Diazepam 2.82 2.70 2.91

Temazepam 2.19 2.15 2.15

Oxazepam 2.24 2.32 2.31

Diclofenac 4.51 4.02 4.06

All K
ow

 values were obtained from Chemspider (www.chemspider.com). For all pharmaceuticals, experimental 
values were used. In general, predicted values from ACD labs were closer to experimental values than predicted 
values from EpiSuite. Therefore, predicted values from ACD labs were used for all other compounds.
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Table S6: Fragment value calculations

X1 X2 X3 X4 X5 X6

Y N NC NCC NCCC C phenyl

3,39 1 0 0 0 8 0

3,83 0 1 0 0 8 0

3,78 0 0 1 0 8 0

3,52 0 0 0 1 8 0

4,27 1 0 0 0 10 0

2,25 1 0 0 0 2 1

3,97 1 0 0 0 5 1

2,79 1 0 0 0 4 1

2,26 1 0 0 0 2 1

1,76 1 0 0 0 1 1

2,64 1 0 0 0 3 1

Regression Statistics

Multiple R 0,998879

R Square 0,997759

Adjusted R Square 0,795518

Standard Error 0,226894

Observations 11

ANOVA

df SS MS F Significance F

Regression 6 114,5976 19,0996 371,0026 1,93E-05

Residual 5 0,257405 0,051481

Total 11 114,855

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95,0% Upper 95,0%

Intercept 0 #N/A #N/A #N/A #N/A #N/A #N/A #N/A

N -0,51221 0,592176 -0,86496 0,426604 -2,03445 1,01003 -2,03445 1,01003

NC -0,02974 0,555174 -0,05357 0,959353 -1,45686 1,397379 -1,45686 1,397379

NCC -0,07974 0,555174 -0,14363 0,891401 -1,50686 1,347379 -1,50686 1,347379

NCCC -0,33974 0,555174 -0,61195 0,567323 -1,76686 1,087379 -1,76686 1,087379

C 0,482468 0,063336 7,61753 0,00062 0,319656 0,645279 0,319656 0,645279

phenyl 1,756883 0,432284 4,064187 0,009689 0,645662 2,868105 0,645662 2,868105
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Abstract

The nominal concentration is generally used to express concentration-effect relationships 

in in vitro toxicity assays. However, the nominal concentration does not necessarily 

represent the exposure concentration responsible for the observed effect. Surfactants 

accumulate at interphases and likely sorb to in vitro system components such as serum 

protein and well plate plastic. The extent of sorption and the consequences of this sorption 

on in vitro readouts are largely unknown for these chemicals. The aim of this study was 

to demonstrate the effect of sorption to in vitro components on the observed cytotoxic 

potency of benzalkonium chlorides (BAC) varying in alkyl chain length (6-18 carbon atoms, 

C
6-18

) in a basal cytotoxicity assay with the rainbow trout gill cell line (RTgill-W1). Cells were 

exposed for 48h in 96-well plates to increasing concentration of BACs in exposure medium 

containing 0, 60 μM Bovine Serum Albumin (BSA) or 10% fetal bovine serum (FBS). Before 

and after exposure, BAC concentrations in exposure medium were analytically determined. 

Based on freely dissolved concentrations at the end of the exposure, median effect 

concentrations (EC
50

) decreased with increasing alkyl chain length up to 14 carbons. For 

BAC with alkyl chains of twelve or more carbons, EC
50

s based on measured concentrations 

after exposure in supplement-free medium were up to 25-times lower than EC
50

 calculated 

using nominal concentrations. When BSA or FBS was added to the medium, a decrease 

in cytotoxic potency of up to 22 times was observed for BAC with alkyl chains of eight or 

more carbons.
 
The results of this study emphasize the importance of expressing the in vitro 

readouts as a function of a dose metric that is least influenced by assay setup to compare 

assay sensitivities and chemical potencies.
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Introduction

In vitro assays play a central role in toxicity testing in the twenty-first century [225, 226]. 

Traditionally, research in in vitro toxicology focused on developing assays for hazard 

identification. Nowadays, in vitro assays are increasingly used to define toxic doses for 

hazard characterization [227]. In vitro concentration-effect relationships are frequently 

based on nominal concentrations, i.e. the amount of chemical added to the system 

divided by the volume of the exposure medium. However, the nominal concentration 

is not necessarily the concentration reaching cells or target sites where toxic events are 

initiated. For example, serum in in vitro exposure medium increases the observed effect 

concentrations of chemicals with high binding affinity to serum constituents [228-231]. The 

increased observed effect concentration has been attributed to a reduction of the free, 

unbound concentration of the test chemical, which is considered to be available for uptake 

into cells. The free concentration related more directly to the biologically effective dose 

(BED, the concentration at the target in cells) than the nominal concentration [232, 233]. 

Additionally, evaporation, degradation, metabolism and sorption to laboratory equipment 

may further reduce the free and therefore effective concentration in vitro [234-237].

In recent years, progress has been made with regards to understanding and characterizing 

the distribution of test chemicals in in vitro assays [54, 227, 237-246]. A number of distribution 

models have been developed relating the octanol-water partition coefficient (log K
OW

 or 

log D) to the sorption affinity of these chemicals to assay components [230, 238, 241, 

242, 247-249]. However, most of these models have not been validated with analytically 

measured concentrations of test chemicals in plastic, cells and exposure medium. 

Furthermore, chemicals like ionic surfactants fall outside the chemical applicability domain 

of these models since they do not have a meaningful log K
OW

 [250]. The distribution 

of ionic surfactants is likely to differ significantly from more simple ions because they 

are amphiphilic, i.e. they have a hydrophobic alkyl chain and hydrophilic headgroups. 

Knowledge of the in vitro distribution of charged chemicals, particularly ionic surfactants, 

is limited. This can be considered worrisome as most drugs and many industrial chemicals, 

including many surfactants, are charged at physiological pH [251, 252].

Quaternary ammonium surfactants are a group of permanently positively charged 

surfactants. They are widely used as biocides and anti-electrostatic agents in, amongst 

others, fabric softeners, personal care products and antiseptics [253, 254]. They are 

expected to accumulate at interfaces in an in vitro system [54]. A schematic representation 

4
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of the distribution of surfactants is depicted in figure 4.3.1. It shows the processes that may 

reduce the free concentration of surfactants in in vitro assays.

The aim of this study was to investigate the effect of assay setup and the dose metric 

on the observed basal cytotoxic potency of seven benzalkonium chlorides (BACs) with 

varying alkyl chain length (6-18 carbon atoms, figure 4.3.2) in the rainbow trout gill cell 

line (RTgill-W1). The RTgill-W1 cell line was chosen in this study as the cells can be exposed 

to test chemicals in closed chambers, at room temperature and in serum-free medium. 

This cell line has been used regularly in the past to study chemical kinetics in vitro, but 

also as a gill disease model, for the detection of toxicant responses, ranking of chemical 

potencies and in vitro in vivo extrapolation [243, 246, 255, 256]. Cytotoxicity was assessed 

using alamarBlue and CFDA-AM assays. Median effect concentrations of individual BACs 

were determined in assays varying in exposure time (24h versus 48h), presence of serum 

proteins, chemical delivery (i.e. direct versus indirect dosing), well plate type (48- versus 

96-well plates) and the degree of shaking. This study highlights that cytotoxic potencies 

strongly depend on in vitro assay conditions, especially for cationic surfactants with long 

alkyl chain lengths. As a result, this dependency can influence the potency ranking of 

surfactants, which subsequently hampers the use of in vitro data for quantitative in vitro 

in vivo extrapolation (QIVIVE).

Experimental Procedures

The Experimental Procedures section of this study is described in more detail than is 

customary. This is because the replicability of the study being highly dependent on the 

labware, pipetting technique, exposure conditions and extraction methods used [257].

Chemicals, media and solvents

Benzalkonium chlorides, essentially fatty-acid and γ- globulin free Bovine Serum 

Albumin (BSA), Dulbecco’s phosphate buffered saline (PBS), formic acid and 

reference chemicals used for the plasma protein binding (PPB) measurements 

were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands, table 

4.1). Benzyldimethylstearylammonium chloride (BAC18) had a purity of >90%; 

Benzyldimethylhexylammonium chloride (BAC6), Benzyldimethyloctylammonium chloride 

(BAC8), Benzyldecyldimethylammonium chloride (BAC10), Benzyldimethyloctylammonium 

chloride (BAC12), Benzyldimethyltetradecylammonium chloride (BAC14), Benzyldimethyl-
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hexadecylammonium chloride (BAC16), and 1-dodecylpyridinium chloride monohydrate 

(C12-Pyr), were at least 96% pure. Solvents (acetonitrile, methanol, isopropanol and 

ultrapure water (ULC/MS grade) were provided by Biosolve (Valkenswaard, The 

Netherlands). Dulbecco vials and caps were supplied by Grace Discovery Sciences (Breda, 

The Netherlands): 10 mL precision thread headspace vials with 18mm Butyl Red/PTFE screw 

caps and clear 1.5 mL autosampler vials with silicone white/PTFE caps.

 
Figure 4.1. A schematic representation of the distribution of chemicals in in vitro assays. Chemicals that 
enter the solution may sorb to serum proteins, well-plate plastic and cells. In case of surfactants, they may 
also associate with the air-medium interface or form micelles at high concentrations. Similar illustrations 
are found in [227], [230] and [228].

Figure 4.2. Structure of benzalkonium chlorides (R is the alkyl chain, containing 6-18 carbons)

The following cell culture media and equipment were supplied by Life Technologies (Breda, 

The Netherlands): Leibovitz’s L15 medium, versene, trypsin-EDTA, FBS, 10000 U/L penicillin 

and 10 mg/L streptomycin, culture flasks (75 cm2), Greiner bio-one’s CELLSTAR® transparent 

4
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flat bottom 96 multi-well plates (96WP), 48 multi-well plates (48WP), alamarBlue and CFDA-

AM (5-carboxyfluorescein diacetate, acetoxymethyl ester) assays. The RTgill-W1 cell line 

was purchased from American Type Culture Collection (CCL-163, Manassas, VA) and used 

from passage 5 to passage 10. Exposure medium (L15/ex) was prepared as described by 

[258] using cell culture grade components purchased from Sigma Aldrich (Zwijndrecht, The 

Netherlands): 8 g/L sodium chloride, 0.4 g/L potassium chloride, 0.09767 g/L magnesium 

sulfate, 0.0937 g/L magnesium chloride, 0.19 g/L sodium phosphate dibasic, 0.06 g/L 

potassium phosphate, 0.14 g/L calcium chloride, 0.55 g/L sodium pyruvate and 0.9 g/L 

galactose dissolved in ultrapure Millipore water (MP).

Table 4.1. BSA binding constants of test and reference chemicals.

Name
Literature 

KBSA

unit
%bound 
to 60 μM 

BSA
logtR logK

estimated log 
K with BSA 

column

estimated % 
bound to 60 

μM BSA
Reference

Isoniazid 0.00 0.00 0.00 0.00 0.00 0.00 [259]

Amphetamine 0.002 L/µmol 9.64 -0.31 -1.05 -1.44 9.35 [216]#

Amitriptyline 0.03 L/µmol 66.00 0.56 0.17 0.68 78.14 [216]#

Diazepam 0.02 L/µmol 59.00 0.47 -0.03 0.44 66.26 [216]#

Tramadol 0.003 L/µmol 12.72 -0.16 -1.24 -1.08 16.55 [216]#

b-estradiol 0.09 L/µmol 84.23 0.56 0.63 0.68 78.09 [260]

Testosterone 0.03 L/µmol 64.76 0.45 0.00 0.41 54.88 [261]

Phenanthrene 1.10 L/µmol 98.51 0.77 1.36 1.19 96.34 [230]

Bisphenol A 758.58 L/kg 75.21 0.57 0.40 0.70 79.26 [262] (37 °C)

Pyrene 8.58 L/µmol 99.81 0.90 1.93 1.50 98.90 [263]

BAC6 n/a n/a n/a -0.13 0.00 -1.02 17.29 This study

BAC8 n/a n/a n/a 0.30 0.00 0.05 48.77 This study

BAC10 n/a n/a n/a 0.50 0.00 0.53 65.61 This study

BAC12 0.02 L/µmol 59.23 0.61 0.08 0.80 80.04 [54]

BAC14 n/a n/a n/a 0.63 0.00 0.84 85.83 This study

BAC16 0.72 0.00 1.05 91.36

BAC18 0.79 0.00 1.23 94.86

# Values obtained from samples with the lowest tested analyte and highest tested BSA concentration.

 
Cell culture and cytotoxicity assay

To study the effects of serum constituents on the apparent cytotoxic potency of BACs, L15/

ex was used as stand-alone exposure medium or supplemented with either 60 μM (4 g/L) 

BSA or 10% FBS. The amount of BSA or FBS added to the medium contributed a similar level 
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of proteins (0.8 mg/well), which was confirmed using a fluorescamin assay according to the 

method described by Kramer et al. [264]. Assuming BSA is representative of other dissolved 

proteins in serum with regards to binding affinities, sorption to the protein fractions in 

medium supplemented with 60 μM BSA or 10% FBS should be comparable. Stock solutions 

of BACs were prepared in methanol. To obtain the desired test concentrations of BACs in 

medium (0.01-1000 μM), stock solution in methanol were diluted 200 times in sterilized 

glass 10 mL vials with exposure medium.. The methanol concentration in medium was 

0.5% (v/v) across all assays. The vials were left overnight on a roller mixer (Stuart SRT9, VWR, 

Amsterdam, The Netherlands) at 40 RPM, 20 °C in the dark, to ensure proper mixing before 

adding the spiked medium to the cells. This is referred to as “indirect dosing” since the 

chemical is first added to the medium and then added to the cells [265].

RTgill-W1 cells were grown in culture medium consisting of Leibovitz’s L15 medium 

supplemented with 10% (v/v) fetal bovine calf serum (FBS) and 100 μg/mL streptomycin 

and 100 U/mL penicillin. Cells were left to grow in the dark at 20 °C in closed culture flasks. 

Unless stated otherwise, cells were seeded in 96WP with a density of 30 x 103 cells/well 

in 150 μL culture medium. After 48h, the culture medium was replaced by 200 μL/well 

exposure medium containing either BAC, vehicle control (0.5% methanol in medium) or 

just exposure medium (blanks). There was no difference in viability readouts between 

blanks and vehicle controls, suggesting the vehicle did not influence viability. Replacement 

of the culture medium with spiked medium was performed using a multidispenser pipette 

(Sartorius Biohit, Fischer Scientific, Landsmeer, The Netherlands) with a volume of 1 mL. 

Pipette tips were flushed once with spiked exposure medium to saturate binding sites 

on the inside of the tip. Thereafter, 200 μL aliquots were dispensed into triplicate wells 

and 2x 200 μL was dispensed into two autosampler vials prefilled with 800 μL acetonitrile 

containing 0.1% formic acid (exposure reference standard), using a single pipette tip and 

single draw of medium into the tip. By dosing the cells in this way, the variability of the 

concentrations at the start of the exposure to cells (Ct = 0h
) of the chemicals in medium 

between replicates was reduced. Another 200 μL aliquot of each concentration was added 

to a single well without cells in the top and bottom rows (A and H) of the well plate. These 

wells were used to estimate the sorption to the plastic of the wells of96WPs, since no 

further loss because of other processes such as evaporation was expected. All assays were 

made have been done at least thrice. This includes both three technical replicates and 

three biological replicates for the cytotoxicity assays described in this study.

4



104

Chapter 4

After 48 hours of exposure, the medium from the wells was transferred to autosampler vials 

with acidified acetonitrile for LC-MS/MS analysis. Wells were then washed with bare L15/ex 

and viability of the cells was determined using the alamarBlue and CFDA-AM assays. Assay 

procedures are described in [264]. Briefly, cells were incubated for 45 minutes in the dark at 

20 °C, with 50 μL/well working solutions of 5% v/v alamarBlue and 4 μM CFDA-AM in L15/

ex. Fluorescence of alamarBlue and CFDA-AM was determined at 540/590 nm (excitation/

emission) and 493/541 nm, respectively, using a Tecan infinite M200 plate reader (Tecan 

Group, Ltd., Männedorf, Switzerland).

The cell protein concentration in each well was measured to confirm that cell densities 

between plates were constant. The cell protein content was measured using a fluorescamin 

assay as described by Kramer et al. [264]. The alamarBlue and CFDA-AM solutions were 

discarded and wells were washed with 200 μL fixative (containing 59 g/L CaCl
2
 and 0,25% 

formaldehyde) and 200 μL PBS. Wells were subsequently filled with 50 μL Millipore water 

and frozen at -80°C for >1h. Well plates were thawed and 100 μL/well PBS with 50 μL/

well acetonitrile containing 48 mg/L fluorescamin was added. No cells were grown in the 

outer rows of the 96WP, and the initial 50 μL Millipore water in these wells was discarded 

and replaced by known BSA (protein) concentrations (0.018 - 2.25 mg/mL) to calibrate the 

fluorescamin assay. Well plates were wrapped in aluminum foil and gently shaken (20 RPM, 

5 °C) for 5 min on a plate shaker. Fluorescence was determined on the Tecan infinite M200 

spectrophotometer at 360/460 nm. .

Additional assay setup conditions were varied in the RTgill-W1 assay to investigate the 

impact of assay setup on the apparent cytotoxic potency of benzalkonium chlorides. The 

impact of assay setup on potency measurements were studied using BAC10, BAC14 and 

BAC18. Exposure times were reduced to 24h. Slow shaking of the plates at 10 RPM and 5° 

height was applied. Seeding densities were reduced to 100,000/mL. Forty-eight well plates 

(48WP with 1mL/well exposure medium were used. In addition, cells were “directly dosed” 

by adding 5 μL 200x concentrated BAC in methanol to the 200 μL medium/well. The effect 

of repeated dosing on median effect concentrations was also tested by replacing the 

exposure medium with freshly spiked exposure medium every 12 hours. Finally, DMSO was 

used as a vehicle instead of methanol and the medium volumes in wells were halved. The 

experiments were performed using three technical replicates and two biological replicates.
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Chemical analysis

After the exposure period, the complete volume of medium of each well was transferred 

from the 96WP to glass autosampler vials containing 600 μL cold (5 °C) acetonitrile with 

0.1% formic acid and an internal standard (C12-Pyr). In case of the 48 well plates (48WP), 

200 μL aliquots were sampled from the (1 mL) medium in the wells. Pipette tips used for 

medium transfer were flushed three times in the autosampler vial with acetonitrile before 

discarding. This method was used to prevent surfactant loss to pipette tip plastic, allowing 

accurate measurement of the total amount of dissolved BACs. Samples were kept at 5 °C 

for at least 30 minutes before being centrifuged at 4 °C at 1500 rcf (2539 RPM) using a 

Beckman Coulter Allegra X12-R centrifuge (Beckman Coulter, Woerden, The Netherlands). 

Clean supernatant (450 μL) was transferred to another autosampler vial and stored at 4 °C 

until LC-MS/MS analysis. Samples stored for longer than 7 days were kept at -20 °C. Loss 

of test chemicals to sorption to in vitro system components was calculated by taking the 

ratio of the measured concentration of the chemical in exposure medium after exposure 

over the nominal concentration or measured concentration of test chemical in exposure 

medium at the start of the exposure. The LC-MS/MS consisted of a Perkin Elmer (Norwalk, 

CT) liquid chromatography system equipped with a Kinetex 5 μm XB-C18 column (50 × 

2.1 mm; 100 Å) with a C18 guard column, coupled to a triple quadrupole/linear ion trap 

mass spectrometer (MDS Sciex API 3000 LC-MS/MS System, Applied Biosystems, Foster City, 

CA). The turbo ion spray source was set in the positive ion mode at 400 °C. The injection 

volume was 2 μL and the mobile phase consisted of a gradient flow (0.4 mL/min), starting 

at 95:5 Millipore:methanol (MP:MeOH) both containing 0.1% (v/v) formic acid. Between 3.2 

and 6.2 min, the gradient was changed non-linearly (S curve) to 5:95 MP:MeOH. This was 

further increased to 2:98 MP:MeOH at 7.5 min, after which the mobile phase was reset to 

95:5 MP:MeOH. The column was allowed to equilibrate for 1.5 min before the next run. A 

solvent switch was used to direct the initial eluent (containing salts) to the waste; at 4.6 min 

the eluent flow was redirected towards the MS/MS. Analyte retention time was typically 

between 5-8 minutes with LOQ between 1.9-6 nM although BAC18 had an LOQ of 17nM. 

The M/Z of the parent and daughter ions were 220.2/91.0, 248.2/91.0, 276.4/91.0, 304.3/91.0, 

332.4/90.4, 360.4/90.9 and 388.1/91.0 for BAC6 - BAC18 respectively. The recoveries after 

48h of exposure as percentage of the measured dosed amounts (t = 0h) were calculated 

and lost analyte was assumed to be bound to cells and plastic.

4
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Binding affinities to BSA were measured using a Shimadzu Prominence HPLC system 

(‘s-Hertogenbosch, the Netherlands), equipped with a LC-20AD pump, SIL-20A autosampler, 

CTO-20A oven, SPD-20AV UV detector, RF-20A xs fluorescence detector, CBM-20A controller 

and a Resolvosil BSA-7 column (Machery Nagel). The HPLC and data analysis method was 

similar to the one developed by Valko et al. [266] for a human serum albumin (HSA) column. 

Details of the method and performance are discussed elsewhere [267]. The mobile phase 

consisted of PBS and isopropanol with a gradient flow (0.7 mL/min) starting with 100% 

PBS that was increased linearly to 30% isopropanol over 7 min. Between 7 and 25 min, 

the isopropanol concentration was kept constant, after which the mobile phase was reset 

to 100% PBS in 1 minute. The column was allowed 4 min of equilibration time before the 

next run.

Data analysis

Concentration-effect curves were constructed using nonlinear regression: log inhibitor 

versus response function in GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA), 

requiring log concentrations and the percentage of absorbance compared to the controls 

(viability). Quantification of the responses was based on the nominal concentration, 

the measured concentration in medium at the start of exposure (time, t = 0h) and the 

measured concentration after exposure (t = 48h). Median effect concentrations (EC
50

) were 

considered as different from one another when the 95% confidence intervals of the EC
50

 

did not overlap.

Sorption of BAC to well plate plastic was calculated by comparing measured medium 

concentrations before and after exposure for 48h to wells without cells.. The sorption 

coefficient to plastic (K
Plastic

) is expressed as the amount associated to plastic (nmol) per area 

of plastic (cm2), divided by the concentration in the medium (nM or nmol/cm3) resulting 

in a single unit (cm or m). The surface area of the exposed plastic was calculated to be 

1.56 cm2 for 200 μL volume of medium in a 96WP well. BSA binding constants of the BACs 

were calculated by comparing the relative retention time (tR) to the relative retention of 

reference chemicals with known association to BSA (see table 4.1). Further details on these 

calculations can be found in the paper by Valko et al. [266] and Groothuis et al. [267]. BSA 

binding constants were used to estimate the freely dissolved concentration in medium 

with 4 g/L BSA. New concentration-effect relationships were constructed using these free 

concentrations, which were compared to the concentration-effect relationships quantified 

based on the nominal and measured total concentrations.
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Results and Discussion

Unless otherwise stated, results are derived from cytotoxicity assays with RTgill-W1 in 

96WPs exposed for 48h to BACs. The “indirect dosing” procedure was used to spike 

exposure medium with and without 4 g/L BSA or 10% FBS.

Investigation of Plastic Binding based on Recoveries

When comparing the analytically determined concentrations (Ct = 0h
) of BACs in exposure 

medium containing either BSA or FBS to the nominal concentration (Ct = 0h
/C

nominal
), 

recovered fractions of BACs were high (82% - 125%). In exposure medium without serum 

constituents, the recoveries for BACs with alkyl chains longer than 10 carbons were 

concentration dependent and ranged from 7% to 117%. The low and variable recoveries 

indicate losses due to sorption to the glass vials and pipette tips used for transferring 

medium to the microtiter plates. These results confirm previous findings on adsorptive 

losses to glass and pipette tips with cationic surfactants [257]. To circumvent the issues 

associated with sorption to pipette tips and glass, replicate aliquots of exposure medium 

with BACs were added, using a single multidispenser pipette tip, to designated wells in 

the microtiter plates and autosampler vials containing acetonitrile.. BAC concentrations 

in the autosampler vials with medium and acetonitrile were subsequently analytically 

determined to discern the concentration of BAC to which cells were exposed at the start of 

the exposure (Ct = 0h
). A complete extraction of BAC from exposure medium after exposure 

to the cells was ensured by transferring all medium per well to autosampler vials with 

acetonitrile and the pipette tip flushed in the resulting acetonitrile/medium solution.

Losses by sorption to plastic microtiter plates are observed when the analytically determined 

medium concentration at the end of the exposure is compared to the concentration at 

the start of the exposure (Ct = 48h
/Ct = 0h

, figure 4.3). Table 4.2 lists the recovered fraction at a 

measured dosed concentration between 1 and 2 μM (depicted between brackets). After 

48h of exposure, the analytically determined total concentration in the exposure medium 

containing serum constituents for chemicals with an alkyl chain length of ≥12 carbons, was 

reduced to at most 30%, suggesting up to 70% of BACs was associated with the well-plate 

plastic and cells. In addition, the concentration in medium without medium constituents 

was reduced further to 3% when comparing Ct = 48h
 to Ct = 0h

 (figure 4.3). Recoveries from 

medium after exposure increase with higher dosing concentrations (figure 4.3), indicating 

that sorption to the microtiter plastic is saturable. These findings indicate that more BAC 

4
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is retained in solution in the presence of BSA or FBS, likely because of sorption to the 

proteins in these serum constituents, resulting in a reduction of the fraction lost to plastic 

or glass. Similarly, greater losses to plastic with decreasing serum concentrations have been 

reported with polycyclic aromatic hydrocarbons (PAHs) in in vitro bioassays by Schirmer et 

al. [258] and Kramer et al. [230, 238].
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Figure 4.3 (left page).. Percentage (± SD, n=3) of BAC recovered from exposure medium after 48 
hours of exposure to RTgill-W1 in 96 well plates. Panels a, b and c respectively depict the percentages 
recovered from L15/ex, L15/ex with 4 g/L BSA, and L15/ex with 10% FBS. The recovered percentages are 
sorted by the concentration at the start of the exposure (from low (C1) to high(C9), white to black bars). 
The concentrations are 0.01-25 μM in L15/ex for BAC10-BAC18, 0.04-50 μM for BAC10-BAC18 in L15/ex 
with medium constituents, 0.2-250 μM for BAC8, and 0.5-500 μM for BAC6 in L15/ex or 0.5-1000 μM for 
BAC8 and 1.5-1000 μM for BAC6 in L15/ex with medium constituents. The percentage of chemical not 
recovered from medium after exposure is assumed to have sorbed to plastic and cells. Note that stripes 
(__) below bars refer to recoveries calculated using estimated concentrations after exposure. Actual 
concentrations could not be established because they were below the limit of quantification. Estimations 
were based on dilution factors.

 

Isotherms of concentrations of BAC sorbed to plastic versus concentrations in medium after 

exposure are plotted in figure 4.4. Freundlich exponents (n) and concentration dependent 

plastic association constants (log K
Plastic

) can be found in table 4.2. Values for K
Plastic

 were 

calculated at a measured concentration after 48h close to 0.2 μM because saturation 

of plastic at higher concentrations complicates the comparison of the log K
Plastic

 values 

between chemicals. The concentration of 0.2 μM was the lowest concentration measured 

for BAC6 at the end of exposure. BACs with longer alkyl chain lengths have higher plastic 

binding association constants and smaller Freundlich exponents. When assuming no 

saturation, log K
Plastic

 may be used to estimate (worst case) the fraction bound to well plate 

plastic in in vitro assays with varying microtiter plate dimensions and exposure medium 

volumes.

Table 4.2. Freundlich exponents and concentration dependent plastic association constants (log K
Plastic

) 
obtained from sorption isotherms of benzalkonium chlorides to well plate plastic. Log K

Plastic
 is calculated 

using test concentrations in medium nearest to 0.2 μM. At higher medium concentrations, saturation of the 
plastic surfaces of wells in well plates was observed.

Chemical 

name

Log KPlastic (cm) 

at

Ct = 48h = ±0.2 μM

n of KPlastic ± SE

(Freundlich 

exponent)

KBSA 

(μM-1)

% bound in 

medium with 60 

μM BSA

% recovered 

at 48h (at Ct = 0h 

in μM)

% recovered at 48h 

(at Ct = 0h in μM) with 

60 μM BSA

BAC6 -1.30 0.90 ± 0.11 0.02 20.05 85.2 (1.3) 94.5 (1.5)

BAC8 -1.26 0.89 ± 0.05 0.04 53.31 96.4 (1.3) 82.5 (1.8)

BAC10 -0.74 0.49 ± 0.03 0.06 69.62 78.9 (1.3) 101.7 (1.3)

BAC12 -0.21 0.43 ± 0.12 0.10 80.04 63.7 (1.0) 100.4 (1.3)

BAC14 -0.29 0.40 ± 0.06 0.16 87.58 28.2 (1.0) 82.5 (1.4)

BAC16 0.06 0.65 ± 0.08 0.26 92.37 7.8 (1.0) 85.9 (1.4)

BAC18 0.18 0.85 0.43 95.41 8.3 (1.9) 77.2 (1.5)
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Another way to characterize partitioning to plastic is to compare concentrations in medium 

at the end of exposure directly to the concentrations at the start of exposure (figure 4.4b). 

The trend lines, especially for BACs with longer alkyl chain lengths, approaches the 1:1 line 

where no plastic binding occurs. Therefore, the fraction of BAC sorbed to plastic decreases 

(and the free fraction increases) with increasing medium concentrations of the tested 

chemicals (saturation), which was also observed from the recoveries (table 4.2, figure 4.3). 

This is illustrated further by table 4.2, where the listed Freundlich exponents (calculated 

from figure 4.4a) decrease far below 1 for BACs with alkyl chain lengths >10 carbons.

Figure 4.4. Sorption isotherms of benzalkonium chlorides to well plate plastic. Isotherms were fitted 
using the Freundlich equation (R2 of all fits > 0.95). In panel (a), estimated concentrations sorbed to 
the plastic in 96 well plate wells without cells are correlated with concentration in medium without 
medium constituents. In panel (b), measured concentrations in medium after exposure are correlated 
with concentrations in medium without medium constituents before exposure. No sorption to plastic 
occurs on the 1:1 line.

Sorption affinity of BACs to plastic increases with increasing alkyl chain length. Few plastic 

association constants have been published in literature, making it difficult to place the 

constants measured in this study into context. Kramer et al. [238] reported association 

constants to well plate plastic (log K
Plastic

) for polycyclic aromatic hydrocarbons (PAHs) 

ranging from -2.64 m for fluorene to -0.86 m for benzo(a)-pyrene. Timmer et al. [250] 

proposed to use the distribution coefficient to (artificial) phospholipid membranes (log 

D
MW

) as a more suitable parameter compared to the log K
OW

 to predict the affinity to 

cells and estimate critical (target) membrane burdens of surfactants. The Log D
MW

 of 

the PAHs tested in ranges from 1.6 to 3.9 [238]. The log K
Plastic

 at the lowest measured 
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medium concentration ranged from -0.0021 to 0.018 m for BACs with a log D
MW

 range 

of 4 to 8 [250]. The difference in affinity to plastic between PAHs and BACs according 

to their log D
MW

 may be explained by the lower hydrophobicity of BACs compared to 

PAHs. Nevertheless, increasing alkyl chain length of the BACs is associated with higher 

membrane partitioning and stronger lipophilicity [250], which correlates with increasing 

plastic association constants similar to chemicals within other chemical subgroups such 

as PAHs, where higher lipophilicity is associated with higher losses to plastic.

Determination of binding affinity of Benzalkonium chlorides to BSA

Binding affinities of BACs to BSA were determined using High Performance Affinity 

Chromatography (HPAC) in a separate study [267]. The binding affinities enable the 

calculation of free medium concentrations and its relationship with the observed cytotoxic 

potency. The relative retention times on the HPLC column (log tR) were plotted against 

the log K (linearized %bound to 60 μM BSA) of reference chemicals with known affinity to 

BSA (table 4.1) and fit using a linear regression model. LogK values for the test chemicals 

were derived from this regression and used to estimate the percentage bound in medium 

containing 60 μM (4 g/L) BSA (table 4.2). Similar to plastic binding, the percentage BSA 

bound BAC increases with increasing alkyl chain length. BAC18 is calculated to be 95% 

bound to protein in medium with 60 μM BSA, while BAC6 is 20% bound. This suggests 

the bioavailable concentration of BACs with long alkyl chain lengths is expected to be 

significantly lowered in a cytotoxicity assay with BSA or FBS in the medium compared to 

bare exposure medium.

Cytotoxic potency, effect concentrations calculated with different dose 
metrics

To study the effect of sorption to serum constituents and well plate plastic on the apparent 

cytotoxic potency of BACs, RTgill-W1 cells were exposed for 48h to the BACs in protein free 

L15/ex medium or L15/ex containing either BSA or FBS. Concentration-effect relationships 

(figure 4.5) were constructed with different dose metrics (nominal concentrations and 

analytically determined medium concentrations at C
t=0h

 and Ct = 48h
). EC

50
 values from the 

CFDA-AM assay for all tested BACs and exposure conditions are summarized in table 4.3. 

CFDA-AM assay-based EC
50 

values
  
are on average 2.8 (1.7-4.0 depending on the dose 

metric and serum protein levels) times higher than alamarBlue assay-based EC
50 

values 

[268, 269]. AlamarBlue is therefore a more sensitive biomarker of cytotoxicity of BACs than 

4
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CFDA-AM is. However, both markers show similar trends in potency between chemicals 

and exposure conditions.

Free median effect concentrations were predicted (figure 4.6, solid black line) based 

on a critical cell burden (CCB) for baseline toxicity of 50 mmol/kg lipid in fish [270] and 

membrane association constants as determined by Droge et al. [271] and Timmer et 

al. [250]. Note that the membrane affinity of BACs with a long alkyl chain (BAC16 and 

BAC18) were extrapolated from the affinity of the BACs with smaller alkyl chain lengths 

as they could not be measured directly by Droge et al. [271]. Predicted baseline median 

effect concentrations were compared to measured median effect concentrations (EC
50

). 

The correlation between predicted and measured EC
50

 was dependent on the dose 

metric. Cytotoxic potency increases significantly with alkyl chain lengths up to BAC12 

(figure 4.5, table 4.3). When effect concentrations are calculated using C
nominal

, the toxic 

potency decreases for BACs with longer alkyl chain lengths. The toxic potency of BACs 

with long alkyl chain lengths therefore do not overlap with the predicted free median 

effect concentrations. However, when quantified using analytically determined (free) 

concentrations after 48h of exposure, the toxic potency continues to increase to BAC14 

and thus better correlates with predicted free median effect concentrations (figure 4.4c, 

table 4.3). The EC
50

 values of BAC14-BAC18 do not differ from one another as the confidence 

intervals overlap. In addition, for BAC14-18, up to 25-fold smaller EC
50

 values are found when 

based on C
t = 48h

 compared to the EC
50

 values based on C
nominal

. The EC
50

 values calculated 

with Ct = 0h
 instead of C

nominal
, are significantly higher (11-fold) in comparison to the EC

50
 

values calculated with Ct = 48h
. Therefore, sorption to plastic of BACs with alkyl chain lengths 

above 12 carbons significantly impacts the observed cytotoxic potency in these assays.
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Figure 4.5. Concentration-effect relationships of benzalkonium chlorides constructed using different 
dose metrics (a-c). RTGill-W1 were exposed to BAC6-18 for 48h in supplement-free exposure medium 
and the CFDA-AM assay was used to assess cell viability. The different dose metrics used to calculate the 
concentration-effect relationships were: a) the nominal concentration, b) the analytically determined 
dosed concentrations (Ct = 0h

) and c) the analytically determined concentration at the end of exposure 
(Ct = 48h

). Corresponding EC
50

 values are listed in table 4.3.

Figure 4.6. Plot showing the relationship between cytotoxic potency (depicted as log EC
50

 in a CFDA-AM 
assay with RTgill-W1) and alkyl chain length of benzalkonium chlorides (BACs). EC

50
 is calculated using 

different dose metrics: EC
50

s depicted as a downward black triangle (q) are calculated by multiplying 
the lethal membrane concentration in fish (narcosis mode of action) by the affinity for the membrane, 
as reported by Droge et al. [271]. The EC

50
 values were quantified using the nominal concentration (p), 

measured concentration at the start of exposure (n), measured concentration in the wells after exposure 
(l), Measured total concentration in the presence of BSA after exposure (+), measured concentration in 
the presence of FBS after exposure (×) and the estimated free concentration in the presence of BSA after 
exposure (r).
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Although it is difficult to compare different types of surfactants, the toxic potency of 

the quaternary ammonium surfactants with 12-16 carbons in the alkyl chain used by 

Sandbacka et al. [272] were lower than our values for BACs in a primary culture of rainbow 

trout gill cells. This can be explained by the absence of the benzyl group in the chemicals 

used by Sandbacka et al. [272] since the presence of this group is assumed to increase 

the toxic potency by increasing the membrane affinity compared to quaternary trimethyl 

ammonium chlorides [250]. Additionally, the results may differ because a primary cell 

culture was used instead of the cell line in our study and their assay had a shorter exposure 

time and contained more cells, which likely decreased the observed cytotoxicity.

Similarly to our results, Sandbacka et al. [272] observed that the toxic potency of their test 

chemicals calculated based on nominal concentrations, reached a plateau after a “cut-off 

point” at longer alkyl chain lengths. This phenomenon has been quite often observed 

with surfactants in particular with regards to hemolytic effects [131-133]. One of the most 

prominent mechanistic explanations of the cut-off point is the free volume theory [132]. 

According to this theory, amphiphilic chemicals can create free volumes in the bilayer 

membrane. Smaller amphiphilic chemicals will create larger free volumes, destabilizing 

the membrane to a greater extent compared to the surfactants with longer alkyl chains. 

On the other hand, surfactants with shorter alkyl chain lengths will have a lower affinity for 

the membrane. As a result, there might be a maximum level of toxic potency via narcosis 

as a result of these counteracting effects.

In an earlier study, Isomaa et al. [134] investigated the interaction of amphiphilic agents, 

including cationic surfactants, with in vitro erythrocyte membranes. They observed a 

similar cut-off point (at an alkyl chain length of 14 carbons) with alkyltrimethylammonium 

bromides that they tested to protect erythrocytes against hemolysis. The authors 

suggested that the apparent cut-off point might be caused by an effect of unknown 

kinetic interactions of the studied chemicals. Interestingly, the cut-off point found in this 

study does shift from 12 to 14 carbon atoms in the alkyl chain when C
t=48h

 is used instead 

of C
nominal

 or C
t=0h

. In addition, the toxic potency of the BACs with longer alkyl chain lengths 

levels off, instead of decreasing after the cut-off point, which was observed for C
nominal

. 

One explanation could be that the medium contains a small fraction of dissolved organic 

carbon (DOC) to which the surfactants with long alkyl chain length bind significantly, 

making them less bioavailable. Chen et al. [254] calculated that a DOC content of 0.1 

mg/L can reduce the bioavailability of BAC12 with about 50%, while this is often the 

limit of water purification systems. Since the LogD
MW

 of BAC12 is 6, while that of BAC16 

4
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and BAC18 are approximately 7.3 and 8 respectively, only a very small fraction of DOC is 

likely able to reduce the bioavailability of BAC16 and BAC18 to significant extent. Another 

consideration is that the measured concentration might not represent an amount of 

chemical evenly distributed in the wells, especially for surfactants with longer alkyl chain 

lengths. Surfactants are known to accumulate at the interfaces. Therefore, the measured 

(average) concentration may not directly relate to the amount affecting cells. It is thus not 

certain whether any of the dose metrics used are appropriate to accurately quantify the 

observed cytotoxic potency. However, the phenomenon described above may be less 

prominent in the presence of proteins (e.g. BSA or FBS). Proteins in the medium might 

facilitate diffusion and enhance homogenization by providing an additional protein-water 

interface, which is distributed relatively evenly throughout the medium. Concentration-

effect relationships determined in media containing proteins may therefore diminish the 

effect of a non-homogenous distribution.

When estimated free concentrations in L15/ex medium with BSA are used to calculate 

EC
50

 values, the trend and cut-off point is similar to those based on C
t=48h

 in protein free 

medium. (figure 4.5, clear purple upward triangles). Interestingly no additional shift in 

cut-off point is observed even though this could have been expected due to a possible 

homogenization of surfactant in the presence of BSA. There is a small difference when 

using alamarBlue data as the cut-off point is shifted from BAC14 to BAC16. The assumption 

that BSA homogenizes the surfactant distribution is partly supported by the data based on 

alamarBlue, but not CFDA-AM. The data gathered in this study is therefore partially able to 

explain the cut-off point based on BAC kinetics of the chemicals by using different dose 

metrics to quantify toxic potency. Possibly there is indeed a mechanistic explanation for 

the cut-off point, in addition to a kinetic one. The predicted EC
50

 values of BACs with longer 

alkyl chain lengths (BAC16 - BAC18) were extrapolated from the BACs with shorter alkyl 

chain lengths assuming a linear relationship, therefore the predictions could overestimate 

their toxicity. In addition, the median effect concentration of BAC16 and BAC18 based 

on any dose metric are higher compared to the predicted baseline toxicity, which may 

be a result of better integration in the phospholipid membranes without disturbing the 

integrity in line with the free volume theory. Considering that fish lipid does not solely 

consist of membranes and the overall negative charge of cell membranes should attract 

cationic chemicals more than general lipid tissue, estimated free effect concentrations may 

be lower (an overestimation) than actual values. The free median effect concentrations of 

the BACs should then fall below the line in figure 4.6, which suggests that BACs may not 

act solely through a narcotic mode of action. The narcotic mode of action might become 
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more significant for BACs with longer alkyl chain lengths compared to a specific mode of 

action relative to BACs with shorter alkyl chain lengths. Regardless, these considerations 

may only be conclusively elucidated by analytically measuring membrane concentrations, 

which is a challenging task and beyond the scope of the work presented in this chapter.

In summary, this section illustrates that the toxic potency of surfactants increases with alkyl 

chain length. This is, however, more conclusively observed using analytically determined 

concentrations to quantify the toxic potency. Additionally, sorption to plastic increases 

the apparent EC
50

 up to 11-fold for BACs with long alkyl chain lengths (³12 carbons), while 

medium constituents can increase the apparent EC
50

 up to 22-times. A more detailed 

determination of the actual amount of benzalkonium chloride that is active at the 

target site in cells may only be achievable by measuring membrane or cell-associated 

concentrations.

Impact of assay setup on the cytotoxic potency

Depending on the assay conditions used, the observed toxic potency differs up to three 

orders of magnitude for BACs with long alkyl chain lengths (figure 4.7). The largest cytotoxic 

potency differences seem to be dose metric driven, e.g. median effect concentrations 

based on C
t=48h

 versus C
nominal

, and addition of serum or BSA to the medium. However, other 

assay setup conditions such as exposure time had an influence on observed cytotoxic 

potencies as well (figure 4.7). EC
50

 values after 48h of exposure are lower than after 24h 

exposure. These findings agree with those of Gülden et al. [236, 273] where EC
50

 values 

of various chemicals decreased with increasing exposure time in cultures of C6 glioma 

or Balb/c 3T3 cells until an “incipient” EC
50

 is reached. The incipient EC
50

 remains constant 

with longer exposure times. Understanding the effect of exposure duration is important to 

achieve accurate and reproducible cytotoxic potency determinations in vitro. [273] noted 

that using the incipient EC
50

 or at least 72h EC
50

, instead of variable or arbitrary exposure 

times, will make comparisons to other in vitro assays, as well as extrapolations to in vivo 

experiments more meaningful. However, depending on the cell type and assay, it may 

not always be possible to expose the cells for 72h or longer, which is also the case for the 

RTgill-W1 studied. Toxicokinetic-Toxicodynamic (TK-TD) modelling may aid in determining 

a time independent measure of toxic potency [243, 274-276]. This could greatly improve 

applicability of in vitro toxicity data for extrapolation to in vivo and risk assessment.

4
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Repeated dosing, fewer cells and slow shaking increased the observed toxic potency 

(figure 4.7). Together they increase the apparent toxic potency, while changing one of these 

factors alone did not necessarily lead to significantly different outcomes. Membrane affinity 

is higher for BACs with longer alkyl chain lengths [250, 271]. Therefore, the hydrophobicity 

is likely higher and diffusion through aqueous solutions and cellular uptake may be slower, 

compared to surfactants with shorter alkyl chain lengths, as is observed for other chemicals 

[277]. Considering this, the equilibrium time of the chemical distribution in the wells and 

particularly into the cells, will likely be slower for surfactants with long alkyl chain lengths 

[273]. In this case, 48h might not be enough for BAC18 to become equilibrated with all assay 

components and medium constituents. This might explain why the EC
50

 is higher than 

what is predicted based on the baseline toxic mechanism of action. It is speculated that 

increased flux into cells and other compartments caused by slow shaking of the system 

may increase the observed toxic potency, especially for more hydrophobic chemicals in 

assay systems where equilibrium is not reached within the exposure time. In addition, BSA 

and FBS likely facilitate the uptake kinetics into cells and distribution equilibrium as shown 

for other chemical groups [263, 277].

Different in vitro setups clearly can result in differing cytotoxic potencies. Chen et al. [54] 

reported effect concentrations for BAC12 that are higher compared to our results (20 fold 

higher) using the same RTgill-W1 cell line. However, the authors used shorter exposure 

times (24h) and 24 microtiter plates as opposed to 96WP in combination with a higher 

cell density (>60,000/cm2 as opposed to 30,000/cm2 in this study). Shorter exposure times 

can reduce the observed toxic potency as described earlier, while larger cell density can 

significantly reduce the observed toxic potency as well [235].
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Figure 4.7. Impact of assay set-up on the observed cytotoxic potency of benzalkonium chlorides with 
10, 14 or 18 carbons in the alkyl chain. The different experimental conditions result in up to three orders 
of magnitude differences in the observed toxic potency. Unless otherwise stated the setup was with 
96 well plates, 48h exposure, 200,000 cells/ml, indirect and single dosing. The shown EC

50
 values were 

quantified using the nominal concentration (p), measured concentration at the start of exposure (n), 
measured concentration in the wells after exposure (l), Measured total concentration in the presence 
of BSA (+), measured concentration in the presence of FBS (×), Nominal concentration in the presence of 
BSA (q), Nominal concentration in the presence of FBS (r), Nominal concentration in L15/ex but after 24h 
of exposure (n), Nominal concentration but direct dosing (¢), Measured free concentration in L15/ex in 
48WP (—), analytically measured free concentration, slowly shaken after 24h exposure (—), Repeatedly 
dosed nominal concentration after 24h of exposure (   ), Nominal concentration in halved volume after 
24h of exposure (    ), Directly dosed nominal concentration with slow shaking (    ), Nominal concentration 
in halved exposure medium and halved cell seeding density.

 
Conclusions and Future Perspectives

As observed in this study, the toxic potency of BACs increases with increasing alkyl chain 

length. By using measured concentrations in medium after exposure rather than nominal 

concentrations to derive cytotoxic potency, the cytotoxic potency of BACs (BAC14 and up) 

increases with alkyl chain length. The extent of binding to well plate plastic is positively 

correlated with alkyl chain length. Thus with increasing chain length, plastic sorption 

plays an increasingly significant role in reducing the free concentration and the apparent 

cytotoxicity. The results illustrate the challenge of accurately describing the in vitro cytotoxic 

potency of BACs and, presumably, surfactants in general. As shown, factors such as sorption 

◭ ◧ ◓ ◭ ◧ ◓ 
◭ ◧ ◓ 
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to plastic and serum constituents can influence the apparent toxic potency. Conventional 

nominal concentrations are suitable to describe the toxic potency of benzalkoniums with 

short alkyl chain lengths (<10). For these chemicals, medium constituents have limited impact 

(<4 fold) on the observed toxic potency. However, for benzalkoniums with longer alkyl chain 

lengths, the fraction available for uptake into cells is reduced (4-30 fold) due to sorption to 

plastic and, if present, proteins. Other assay setup conditions such as cell density, repeated 

dosing, exposure time can influence the observed toxic potency as well.

Based on our results, we propose to use the free concentration in exposure medium to 

compare cytotoxic potencies of BACs between in vitro assays and between in vitro and in 

vivo bioassays when the BACs have a long alkyl chain length of more than 10 carbons, 

corresponding to a log D
MW

 of 4 and higher [250]. Potencies based on intracellular or 

membrane concentration can further improve the comparability of toxicity values between 

assays. In fact, such concentrations may reduce the impact of other assay setup factors such 

as cell density. Additionally, using membrane concentrations may improve extrapolation to in 

vivo further if the cut-off point is caused by the surfactant distributive properties in aqueous 

solutions, which was not explainable by the dose metrics used in this study.

Although there are a few examples including the studies by Bernhard [278] and Fischer [277], 

it is currently difficult to quantify membrane or cell-associated concentrations of surfactants 

using analytical methods. The determination of free concentrations is often not considered 

feasible either since it also requires additional expertise, analytical equipment and time. 

Therefore, algorithms have been developed that model the distribution of chemicals in 

vitro including the free, intracellular and membrane concentrations. Armitage et al. [241] 

and Kramer et al. [230] have developed models that estimate the sorption of neutral organic 

chemicals to in vitro assay compartments once a chemical equilibrium has been established. 

Recently, Fischer et al. [242] extended the model by Armitage et al.  [241] to include ionized 

chemicals. The prediction requires input of partition coefficients of the investigated 

chemicals to serum constituents, microtiter plate plastic. Often these are estimated using 

the octanol water partition coefficient, logK
OW

. Unfortunately, parameters such as the logK
OW

 

or logD
7.4

 are not useful descriptors for surfactants because of their amphiphilic properties. 

The developed models are therefore not suitable to describe the in vitro distribution of 

surfactants and estimate the free or cell-associated concentration. The models are further 

limited by the fact that they have not been extensively validated with analytically determined 

free concentrations but were rather used to investigate the distribution characteristics of 

chemicals with a wide range of chemical properties. The accuracy of the models to estimate 
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free or cell-associated concentrations is therefore unclear. However, the current study sheds 

more light on the distribution characteristics of cationic surfactants and can therefore help 

to improve the modelling of in vitro concentrations in the future. 

Using the free concentration for BACs with a log D
MW

 above 4 to calculate effect 

concentrations will likely improve the reproducibility and comparability of in vitro toxicity 

tests. This also implies an improved potential to successfully validate an in vitro test for use 

with these surfactants. Validation is important for regulators to know whether they can rely 

on the generated data for safety assessment. Finally, since the effect concentration in vitro is 

more is a better representation of the target effect level, potential extrapolations to in vivo 

may be improved of which the performance will then depend more on the uncertainty of 

the extrapolation process itself. 
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Graphical Abstract

Abstract

This study reports the distribution coefficient between phospholipid bilayer membranes 

and PBS medium (D
MW,PBS

) for 19 cationic surfactants. The method used a sorbent dilution 

series with solid supported lipid membranes (SSLMs). The existing SSLM protocol, applying 

a 96 well plate set-up, was adapted to use 1.5 mL glass autosampler vials instead, which 

facilitated sampling and circumvented several confounding loss processes for some of 

the cationic surfactants. About 1% of the phospholipids were found to be detached from 

the SSLM beads, resulting in nonlinear sorption isotherms for compounds with logD
MW

 

values above 4. Renewal of the medium resulted in linear sorption isotherms. D
MW

 values 

determined at pH 5.4 demonstrated that cationic surfactant species account for the 

observed D
MW,PBS

. LogD
MW,PBS

 values above 5.5 are only experimentally feasible with lower 

LC-MS/MS detection limits and/or concentrated extracts of the aqueous samples. Based 

on the number of carbon atoms, dialkylamines showed a considerably lower sorption 

affinity than linear alkylamine analogues. These SSLM results closely overlapped with 

measurements on a chromatographic tool based on immobilized artificial membranes 

(IAM-HPLC), and with quantum-chemistry based calculations with COSMOmic. The SSLM 

data suggest that IAM-HPLC underestimates the D
MW

 of ionized primary and secondary 

alkylamines by 0.8 and 0.5 log units, respectively.
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Introduction

Phospholipid membranes separate (sub)cellular compartments from surrounding 

conditions, and play an important role in the uptake, distribution and toxicity of xenobiotics 

in multicellular organisms. Traditionally, the octanol-water partitioning coefficient (K
OW

) is 

used as a predictor for the uptake, distribution and accumulation of organic chemicals 

in various organisms and their tissues. However, K
OW

 does not adequately represent the 

partitioning of ionogenic organic chemicals (IOCs) between water and phospholipid 

membranes, because the ionic solute’s interactions with octanol do not include ionic 

bonds that occur with the anionic phosphate groups and cationic choline groups in 

phosphatidylcholine phospholipids.[279-281] Cell membranes are expected to be the 

dominant sorption site for organic cations in tissue.[64, 282] Just like sorption coefficients to 

individual soil components are much more relevant for IOCs than K
OW

,[177, 218, 283-285] the 

membrane-water distribution coefficient (D
MW

) is a logical alternative for K
OW

 as the main 

model parameter to predict, for example, the tissue distribution and critical membrane 

burden in organisms.[64, 286] Many IOCs are highly relevant from an ecotoxicological 

perspective because of designed bioactive properties and/or continuous input via waste 

water streams.[287, 288] Cationic surfactants are hydrophobic IOCs with a relatively high 

potential to disrupt cell membranes.[289] Cationic surfactants are commonly used down-

the-drain ingredients in personal care products, because of antistatic properties (hair 

conditioner, fabric softener). A variety of quaternary ammonium salt cationic surfactants 

are specifically used as biocide or disinfectants.[31, 36] Several cationic surfactants are 

regularly detected in various aquatic environments, particularly sediments.[31, 41, 42, 

290, 291] Quaternary dialkylamines are highly adsorptive and therefore less accessible 

for biodegradation processes under certain conditions, and the longest chain structures 

such as DODMAC have subsequently been prohibited in several countries for certain uses.

[292] This study aims to measure and model the D
MW

 for cationic surfactants with different 

alkyl chain lengths and head groups, in order to improve environmental and toxicological 

hazard/risk assessment for this class of IOCs. Since most common protocols to determine 

Kow are considered to be impractical for surfactants, the assessment of D
MW

 would provide 

a representative alternative hydrophobicity parameter.

Several experimental methods exist to determine the D
MW

 of IOCs at physiological pH, 

such as liposome dispersions, specialized HPLC columns with phospholipid coatings, and 

solid supported phospholipid membranes (SSLM). Methods employing dispersions of 

freshly prepared liposomes are most realistic and accurate, but equilibrium dialysis requires 

5
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considerable effort and long equilibration times.[280, 293] Potentiometric titrations need 

substantial concentrations of chemical and phospholipids.[115] Recently, immobilized 

artificial membrane HPLC columns (IAM-HPLC) have been used to determine (relative) 

measures of lipophilicity in a number of frameworks.[119, 294-296] Confounding pH-

dependent surface charges in IAM-HPLC have recently been recorded in detail.[120] 

These surface charges can considerably influence the retention capacity factors of IOCs 

on IAM-HPLC physiological pH.[120],[111, 297] At least for cationic compounds, confounding 

surface charges can be avoided by testing at low pH and highly saline eluent medium, 

and therewith one can specifically determine the IAM phospholipid-water distribution 

coefficient for the ionic form (K
IAM,ion

).[120] IAM-HPLC consists of an ordered monolayer 

of phospholipids covalently linked to a silica support,[298] instead of a dispersed double 

layer of phospholipids. This might reduce its relevance as a surrogate for the lipid bilayer 

cellular membrane. Solid supported phospholipid membranes (SSLMs) are available with 

macroporous spherical supports (e.g., silica beads) which are readily separated from the 

aqueous phase by mild centrifugation.[299]

Recently, IAM-HPLC was used to determine intrinsic sorption affinities to the IAM 

phospholipid monolayer K
IAM,intr

 for eighty different hydrocarbon-based monoprotic cations 

(C
x
H

y
N+).[119] Remarkably, these K

IAM,ion
 values did not differ between analogue structures 

of primary, secondary, and tertiary alkylamines with the same alkyl chain length, and were 

marginally lower for quaternary ammonium chloride (QAC) analogues (~0.2 log units). 

Quantum-chemistry based molecular calculations with a model DMPC bilayer (using the 

COSMOmic module within COSMOtherm software) of K
DMPC-W

 values for the ionic species 

closely aligned the full set of K
IAM,ion

 values, but predicted a stepwise decrease in K
DMPC-W

 

with each methylation of the charged N, with primary amines at a log unit higher affinity 

than analogous QACs. Droge et al.[119] stated that only measurements on phospholipid 

bilayers would clarify if either the effect of N-methylation is over-predicted by molecular 

simulations, or under-predicted by the IAM monolayer. 

The main goal of the present study was to measure partitioning of several series of 

cationic surfactants with the molecular formula C
x
H

y
N+ to phospholipid bilayers using a 

commercially available SSLM assay, for comparison with IAM-HPLC results and COSMOmic 

simulations. We thereby focused on the influence of the alkyl chain length and different 

types of charged head groups, but also on the difference between linear single chain 

alkylamines and dialkylamines. The applied SSLM assay (trademark TRANSIL) is sold as a 
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standardized sorbent dilution series assay in a 96 well plate format,[300] but was improved 

to facilitate measurements with hydrophobic organic cations.

Materials and Methods

Chemicals, sorbent and solutions

Nineteen amine based cationic surfactants compounds were selected. Their molecular 

structures, physicochemical properties, purities, and suppliers are listed in Table S1. Two 

secondary amines contained two linear alkyl chains of equal length (dihexylamine “S2-

C
6
”, dioctylamine ”S2-C

8
”). Other moieties besides linear alkyl chains include benzyl in 

three benzalkonium chloride compounds (BAC), and dodecylpyridinium (C
12

-PYR) has 

the permanently charged nitrogen as part of an aromatic ring. All stock solutions were 

prepared as 100±10 mM solutions in methanol, further diluted with methanol as necessary. 

All solutions in methanol were stored at -20 °C until use.

TRANSILXL Intestinal Absorption kits, and TRANSILXL Intestinal Absorption kits for low affinity 

compounds, were purchased from Sovicell GmbH (Leipzig, Germany). These kits consist 

of a 96 wells plate made up of 12 strips with 8 wells each, individual strips containing 

two reference wells with phosphate buffered saline (PBS) and six wells with decreasing 

amounts (serial dilution factor of 1.8) of phosphatidylcholine coated macroporous silica 

beads (“beads”) suspended in phosphate buffered solution (PBS). The pore diameter of 

the silica beads has been specified as 4000 Å in literature.[301] A 2012 paper by Hou et al. 

provides SEM images that give more insight into the three-dimensional structure of the 

beads.[302] PBS (Lonza BioWhittaker, Walkersville, USA; pH 7.4 ± 0.05, without Ca2+ and 

Mg2+) was used as the test medium for all experiments, unless noted otherwise. To assess 

the contribution to the observed D
MW

 of the small neutral fraction present at pH 7.4 for the 

ionizable amines (<1%)
, 
the D

MW
 was also determined at pH 5.2 (<0.01% neutral) for several 

alkylamines. A 10 mM acetate buffer was used with analytical grade acetic acid (2.0 mM) 

and sodium acetate (8.0 mM), dissolved in Milli-Q pure water (>18.2 MΩ∙cm-1, Millipore, 

Amsterdam, The Netherlands), and addition of 140 mM NaCl. Additions of all liquids were 

checked gravimetrically to record actual volumes.

5
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Adapting the SSLM test protocol for cationic surfactants

Cationic surfactants are notoriously difficult to work with due to relatively high adsorptive 

properties and accumulation at the water-air interface. Concentration dependent sorption 

to polystyrene well plate material was expected for several of the tested surfactants, as 

well as sorption to pipette tips when transferring supernatant to autosampler vials.[79] To 

partially avoid these adsorptive challenges, the SSLM beads were transferred quantitatively 

to 2 mL glass autosampler vials. After equilibration of the chemicals with the beads on a 

roller bank, the vials were centrifuged and the supernatant in the autosampler vials could 

be directly injected by the stainless steel needle of the autosampler. This reduces pipetting 

steps and allows for testing in a larger aqueous volume, of which the composition can be 

customized. Whereas the 96 well plate assay applies two PBS reference wells (without SSLM) 

serving as 100% references of dissolved concentrations, it was expected that for several 

cationic surfactants substantial binding to the walls of the test vials would compromise a 

mass balance approach. We therefore applied quadruplicate methanol solutions as 100% 

reference (as calibration standards) and assume that losses due to sorption to the wall of 

the test vials in the vials that contain the lipids does not affect the estimated membrane 

sorption coefficients. The validity of this assumption has been validated.

A Rainin Pipet-Lite XLS electronic multichannel pipette with adjustable spacer (Mettler 

Toledo BV, Tiel, The Netherlands) was used to transfer the contents of six wells from one 

strip with decreasing amounts of phospholipid coated beads to 2 mL autosampler vials. 

Wells were flushed six times with 50 µL of PBS, to transfer all beads to the respective 

autosampler vials. Initially, autosampler vials were then filled with additional 400 µL PBS, 

placed on a Stuart SRT9 roller mixer (Boom BV, Meppel, The Netherlands) for 15 minutes at 

33 rpm, centrifuged at 750 g (20 °C) for 10 minutes. To these test vials, as well as to the four 

500 µL methanol references and four additional 500 µL PBS controls (to verify the extent 

of glass binding), 20 µL of spike solution was added. Overall, our tests were performed in 

the 1 nM – 1000 nM concentration range. We tried to cover isotherms with concentrations 

spanning at least a factor of 10, ideally a factor of 100. After addition of the spike, vials were 

transferred to a roller mixer for 15 minutes, centrifuged at 750 g (20 °C) for 10 minutes, and 

stored at 4 °C until LC-MS/MS analysis.

Pilot experiments with longer chain surfactants showed distinct nonlinear sorption 

isotherms, while the shorter chain surfactants showed linear isotherms. Several tests 

were performed to evaluate effects of spiking with solvent and bead density. Since 
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the phospholipid bilayer is not covalently bound to the beads, we considered that 

minute – but significant – fractions of phospholipids might leak from the beads into 

the test medium during storage and handling (e.g., thawing) and form small suspended 

liposomes. Especially for compounds with high D
MW

, these liposomes could impact the 

D
MW

 measurements by artificially increasing measured concentrations in the aqueous phase 

being sampled. After transfer of the beads to the autosampler vials, we therefore added 

fresh PBS up to 1.8 mL, centrifuged, and carefully pipetted off 1.7 mL of supernatant to 

remove the majority of the detached phospholipids, and added 400 µL of PBS and 20 

µL spike solution. Equilibration times of 5, 30, 60 and 240 minutes were compared with 

N-methyldodecylamine (“S
12

”). A test with dodecylpyridinium (“PYR
12

”) was performed 

to assess the tendency of phospholipids to leak from centrifuged beads while in the 

autosampler at room temperature, by injecting the same test series of six vials with washed 

beads 3 hours, 12 hours, and 21 hours after centrifugation.

LC-MS/MS quantification and SSLM data analysis

All samples were analyzed using a PerkinElmer (Norwalk, USA) HPLC system with 

autosampler, coupled to an MDS Sciex API3000 triple quadrupole mass spectrometer 

(Applied Biosystems, Foster City, USA). Retention of test compounds from the saline test 

medium was achieved on a Kinetex 5 µm XB-C18 column (50 × 2.1 mm; 100 Å) with a C18 

guard column. The mobile phase consisted of Milli-Q (pump A) and methanol (pump B), 

both containing 0.1% formic acid by volume. A solvent switch was employed to flush PBS 

salts into waste, at 10% B for 6 minutes, before eluting the surfactants from the column 

with 90% B. The autosampler needle depth was adjusted to prevent accidental injection 

of beads. External calibration standards in methanol had concentrations ranging from ~2 

nM up to ~35 µM. Detailed LC and MS/MS parameter settings for each compound can 

be found in Table S2.

The total spiked amount (A
total

) of surfactant in the autosampler will distribute between 

the aqueous phase (A
water

), the phospholipid coating on the beads (A
lipid

) and the glass/cap 

surfaces (A
glass

). A
total

 is obtained from the average concentrations in the methanol controls 

(C
MeOH

), and D
MW

 can then be calculated for each sample:

          (eq. 1)
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V
lipid 

is the volume of phospholipids on the beads, as provided by the supplier. Because 

A
glass

 is in equilibrium with A
water

, then A
glass

 can be considered negligible for the calculation 

of both A
lipid

 and D
MW

 if A
lipid

 is >90% of A
total

, and if A
glass

 < A
water

. A
glass

 was determined 

using the PBS reference samples, which demonstrated the level of equilibrium between 

glass-sorbed fractions and dissolved fractions (at the spiked concentration). Samples for 

decylbenzyldimethylammonium (“BAC
10

”) were emptied after analysis of C
water

, flushed once 

with Milli-Q, and glass walls extracted with 90% B/10% A eluent mixture. Concentration 

independent logD
MW

 values were obtained by fitting a linear curve on a double logarithmic 

plot with a forced slope of 1.

IAM-HPLC measurements of the phospholipid monolayer-water distribu-
tion coefficient KIAM,intr for cationic surfactants

The IAM-HPLC procedure described for strongly sorbing C
x
H

y
N+ cationic amines without 

UV-absorbing moieties was followed as described previously.[119] Briefly, a solvent dilution 

series at pH 5 (10 mM acetate buffer) was tested in triplicate with LC-MS/MS detection. From 

a ~1-5 mg/L surfactant sample in 10% acetonitrile, 5 μL was injected into an eluent mixtures 

of ≤30% acetonitrile, at flow rates of 1.0 mL/min. Multiplying the retention capacity factor 

k
IAM

 with the column’s phase ratio of 18.9 gives the apparent distribution coefficient to the 

IAM phospholipid phase (K
IAM,app

) in each tested eluent mixture.[303] Extrapolation of the 

K
IAM,app

 values to fully aqueous medium buffered at pH 5 gives the intrinsic K
IAM,intr

. For each 

surfactant at least 6 measurements were made.

COSMOmic calculations of the KDMPC-W for cationic surfactants

COSMOmic was run within COSMOtherm Version C30_1501, as described in the previous 

comparison between IAM-HPLC and COSMOmic.[119] However, instead of using 

COSMOmic’s DMPC example micelle (1,2-dimyristoyl-sn-glycero-3-phosphocholine), we 

now used the same time averaged DMPC micelle file and TZVP-optimized structure 

of DMPC as used by Bittermann et al.[117] Briefly, the input file to represent a hydrated 

phospholipid bilayer is obtained with a molecular dynamics (MD) run with 128 DMPC 

molecules equilibrated with thousands of water molecules.COSMOmic divides the average 

atomic distribution in the MD simulated DMPC bilayer into 30 layers for one half of the 

hydrated bilayer, and uses the lowest free energy for each surfactant structure at 162 

orientations at each layer to calculate the weighted DMPC-water partition coefficient 

(K
DMPC-W

). The three dimensional input structures for each cationic surfactant were 



131

Sorption of Cationic Surfactants to Phospholipid Bilayers and Monolayers, and Molecular Simulations

quantum-chemically optimized for calculations at TZVP level with COSMOmic, including 

different conformers (see Table S3 for information on conformers). COSMOconf Version 3.0 

was used to create up to 6 of the most relevant conformers for all charged surfactants.

Results and Discussion

Measurements of DMW with adapted SSLM assays

Measured concentrations of the quadruplicate methanol control samples differed by 

less than 3.9% for all compounds tested. For C
8
-alkylamines and C

10
-alkylamines, the PBS 

controls showed 0-30% lower concentrations than the methanol controls, with exception 

of the larger C
10

-benzalkonium (“C
10

-BAC” 39%). For C
12

 surfactants, losses to autosampler 

surfaces were between 20 and 60% in PBS. If PBS references would have been used for 

C
10

-BAC as if they represented 100% of the available compound D
MW

 would have been 0.2 

log units lower than with methanol control samples. Using methanol controls, measured 

extracts of the glass walls in vials with beads showed that the residual impact of glass 

binding on D
MW

 calculations was insignificant (0.011 log units).

Concentrations of test compound were aimed at keeping the phospholipid/sorbed 

compound molar ratio above 60 to prevent possible electrostatic effects due to the 

accumulated charge in the membranes.[304, 305] As shown in the full matrix of the final 

sorption isotherms for all tested compounds in figure S8, for nearly all of the selected 

surfactants, we have tested up to this maximum sorbed concentration in the membranes 

of ~40 mmol/kg to avoid electrostatic effects. Although the corresponding dissolved 

concentrations are orders of magnitude below the critical micelle concentrations (CMC, 

Table S1), the tested concentrations are most likely still well above highest environmental 

concentrations, but may be in the range of adverse effect concentrations. Concentrations 

of phospholipid in the test vial should result in sorbed fractions of at least 30%, to minimize 

effects of analytical uncertainties of C
water 

on the mass balance calculations. The adapted 

TRANSILXL Intestinal Absorption kits allows for measuring D
MW

 values above 1000 with 

buffer volumes of ~525 µL in the autosampler vials. The “TRANSILXL Intestinal Absorption 

kits for low affinity compounds” contains a factor of ~20 higher levels of beads per well, 

thereby allowing for measurements of D
MW

 ≥ 50. The results from these two kits show 

overlapping sorption isotherms and concentration independent D
MW

, as shown for 

dihexylamine (“S2-C
6
”) in Figure 5.1. The sorption isotherms for C

8
- and C

10
-alkylamines 

5
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also showed concentration independent D
MW

 values, and overlapping sorption data with 

and without PBS renewal (Figure S1).
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Figure 5.1. Sorption data for dihexylamine (S2-C6) obtained with two different sorbent dilution series 
and fit of a linear sorption isotherm (slope of 1), resulting in a log D

MW,PBS
 of 3.15 (95% CI 3.10–3.20).

However, for the C
12

-chain surfactants series measured without flushing off leaked 

phospholipids showed distinctly nonlinear isotherms, with higher D
MW

 values for the 

highest concentrations in a series (samples with lowest amounts of SSLM beads), and no 

correspondence between two series spiked at different initial concentrations (Figure S1). 

For each individual series, the slope of a linear isotherms on the double logarithmic plots 

was >1. This result would strongly cause doubt on the resulting K
MW 

from the SSLM assay, 

and an apparent concentration dependent sorption affinity over such a narrow tested 

concentration range would have considerable deviations of the K
MW

 at considerably lower 

(e.g., most environmental) and possibly higher concentrations (e.g., as applied, or at adverse 

effect levels). We found no evidence of influence of solvent from spiking solution, as data 

for secondary N-methyldodecylamine (“S
12

”) from methanol stock solutions overlapped 

with nonlinear results from stocks dissolved in water (Figure S2). Instead of a sorbent 

dilution series, we then tested primary dodecylamine (“P
12

”) with two series with constant 

concentration of SSLM material, spiked at six different concentrations (accompanied by 

six sets of methanol controls). Now, each series indicated concentration independent D
MW

 

(slope of 1 on logarithmic plot), but again the series with higher amount of SSLM material 
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showed a lower sorption affinity (Figure S3).  Evidently, higher SSLM material resulted in 

a higher detached amount of phospholipids from the beads leaking into the aqueous 

phase. If the sorbed amount of cationic surfactants to this phase significantly increases the 

measured C
water

, this leads to underestimation of the D
MW

. Using a common extension of 

Equation 1 for third phase systems [306], we modeled this effect by assuming a constantly 

leaked fraction (ƒ
leak

) of the total amount of lipids coated on the beads, i.e., where the 

amount of lipids dispersed in the medium equals V
lipid 

∙ ƒ
leak

:

  (eq. 2)

Experimental and modeled results are plotted for dodecylpyridinium (“PYR
12

“) in Figure 

5.2, combining data for ‘unwashed’ samples (still including medium from the well plate, 

thus with ƒ
leak

 still present) with ‘washed’ samples (with ƒ
leak

 mostly removed). As shown 

in Figure 5.2, the curve representing 1% of the phospholipids leaking from bilayers into 

the test medium (ƒ
leak

 = 0.01) approximated the observed experimental values that show 

a nonlinear curve. A modeled curve for ƒ
leak

 = 0.02 overestimated the observations. More 

plots comparing simulations for unwashed and washed beads for compounds with logD
MW

 

of 4.0, 4.5 and 5.0 can be found in the Figure S4. All experimental data and modeling 

output suggest a phospholipid leakage of approximately 1% from the bilayers on the 

beads into the medium, which – if not removed from the test medium – will influence 

the sorption isotherms for compounds with a D
MW

 > log 4.0.
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Figure 5.2. Experimental sorption data and simulated sorption data for dodecylpyridinium (PYR12) 
obtained with “unwashed” and “washed” sorbent dilution series, where unwashed still contains the 
medium from the well plates, whereas the medium was replenished with fresh PBS in “washed” samples. 
The simulated series show curves of a lipid leakage fraction of 0%, 1%, and 2%. The fitted linear curve for 
the experimental data indicates a log D

MW,PBS
 of 4.89 (95% c.i. 4.84–4.95).

Varying the incubation time on the roller mixer (5-240 minutes) did not have a significant 

impact for fully dispersed SSLM solutions (Figure S5); 30 minutes was kept as standard. 

After centrifugation, the autosampler vials may stand for several hours in the autosampler 

before injection. The results of analysis after standing for 3, 12, or 21 h indicated no 

further leakage of phospholipids, as the measured surfactant concentrations and 

resulting sorption isotherm showed excellent overlap, whereas a significant fraction 

of leaked phospholipids would have increased the apparent concentrations in the 

medium (Figure S6). In test solution of pH 5.4 (“washed”), the D
MW

 values of an ionizable 

tertiary N,N-dimethyldecylamine (“T
10

”) as well as of a permanently charged QAC N,N,N-

trimethyldecylammonium (“Q
10

”) were not statistically different from the D
MW

 in PBS (pH7.4), 

indicating that the <0.5% neutral fraction of T
10

 is not contributing to the measured D
MW

 

in PBS, and that there were no confounding pH-dependent surface charge effects of the 

SSLM material. In contrast, pH-dependent surface charge effects in IAM-HPLC confound 

the D
MW

 of organic cations in saline medium by ~0.7 log units between pH 5-7.4 [120]. As 

a result, the measurements of D
MW

 in PBS of cationic surfactants all relate to the partition 
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coefficient of the ionic form (K
MW,ion

), and can thus be directly compared to COSMOmic 

simulations with the ionized structures, and IAM-HPLC measurements made at pH5.

Modeling the DMW by the structure of single chain cationic surfactants

Isotherms w  ere fitted with a fixed slope of 1 for all data points from tests with washed 

medium, where ƒ
sorbed

 ≥ 0.3 and the phospholipid/sorbate ratio was higher than 60 (Figure 

S8); an overview of all isotherm details can be found in Table S3. Standard errors were <0.05 

log units, and 95% confidence intervals were <0.17 log units for all tested D
MW

 values. The 

resulting D
MW

 values (Table 5.1) were used to derive a simple quantitative structure activity 

relationship (QSAR) based on binary values for head group types and the length of the 

alkyl chain:

(eq. 3) 

Where ncarbon denotes the number of carbon atoms in the alkyl chain, NBenz. is a binary 

value indicating the presence (1) or absence (0) of a complete benzalkonium headgroup 

(3 compounds included), and NCC (3 compounds included), NCCC (3 compounds included), 

NCCCC (4 compounds included) are binary values indicating the degree of N-alkylation. 

The NCCCC value for benzalkonium compounds should be 0 by default. C
12

-pyridinium 

was omitted as there was only one compound with this head group. Dialkylamines 

were omitted since they are expected to behave different because the dual alkyl chain 

influences their orientation in the phospholipid membrane.[119] Both types are discussed 

further on. As shown in Figure 5.3, the regression model of eq.3 fits all input compounds 

within a factor 3 of the experimental values (root mean square error of 0.20). Using binary 

values on only 3 or 4 compounds for each parameter in the QSARs of equation 3 results 

in a fairly low level of redundancy in the data. However, our main aim of this exercise was 

to obtain insight in these simplified head group properties (N-methylation), and not to 

provide a functional well validated QSAR to predict K
MW

 values for cationic surfactants. 

Considering that this dataset of cationic surfactants is still structurally relatively non-diverse 

and relatively small, no further efforts were made to refine a QSAR based on other physico-

chemical or quantum-chemically derived parameters.

5
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Figure 5.3. Observed and predicted log D
MW,PBS

 values for single linear chain cationic surfactants using 
eq. 3 (P = primary amines, S = secondary amines, T = tertiary amines, Q = trimethylalkylammonium 
compounds, BAC = benzalkonium chloride compounds).

Obviously, D
MW

 increases with longer alkyl chains, with 0.59 ± 0.03 log units per CH
2
 unit, 

which can be used to extrapolate D
MW

 predictions to longer chain surfactants. Comparing 

this fragment value with the tabulated D
MW

 values (Table 5.1) it seems to be slightly higher 

than expected based on the experimental values obtained for the quaternary ammonium 

compounds, and slightly lower than expected based on the secondary and tertiary C
12

 

compounds.  Although we expect a constant CH
2
 unit contribution for all single linear 

alkyl chains, the contributions of  CH
2
 unit in the chain near the charged amine may be 

slightly lower, as these may not all reside in the hydrophobic core, and this is not defined 

in eq.3.[119] Effects of pH and possible neutral fraction for ionizable amines were ruled out 

based on additional tests at pH 5.4 (above, and Figure S7). A consistent trend of decreasing 

D
MW

 with increasing methylation of the N-atom is observed for the three analogue series 

of C
8
-, C

10
- and C

12
-amines. Primary amines have 0.28 ± 0.16 log unit higher D

MW
 than 

secondary amines, which are 0.28 ± 0.16 log units higher than tertiary amines, which are 

0.53 ± 16 log units higher than QACs (excluding benzalkonium compounds). Taking the 

average over all the C
8
-, C

10
- and C

12
-amines, primary amines sorbed 1.06 log units stronger 

than the QAC analogues. Considering that the quaternary amine has three more CH
2
 

units than the primary analogue, this is a remarkable feature of IOCs. The benzalkonium 

compounds have a D
MW

 of 1.0 ± 0.17 log units higher than trimethylalkylammonium 

compounds, which reflects the effect of an additional benzyl moiety. With an experimental 
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logD
MW

 of 4.89, PYR
12

 positions in between BAC
12

 and Q
12

 compounds, corresponding to 

the molecular volume differences. For 16 out of 19 compounds two or more conjoined 

series were tested, demonstrating both consistency of experimental results and steadiness 

over multiple orders of magnitude of the D
MW

 estimates.

Correlation of SSLM data with IAM-HPLC measurements and COSMOmic 
predictions

The available K
IAM

 values obtained with IAM-HPLC (see detailed solvent series data in 

Figure S9, Table S3) and K
DMPC-W

 values from COSMOmic (Table S3) are plotted against 

the experimental D
MW

 results from the SSLM assay in Figure 5.4A. Overall, the alternative 

data sets and the SSLM data align reasonably well, with RMSE of 0.39 and 0.27 log units, 

for IAM-HPLC and COSMOmic, respectively. Instead of eq.3, now also dialkylamines and 

pyridinium compounds can be included. As discussed in Droge et al.,[119] IAM-HPLC data 

and COSMOmic predictions differed in the contributions of the N-methylations to the 

sorption affinity. The SSLM D
MW

 values confirm the ordering of primary > secondary > 

tertiary > quaternary amine analogues as predicted by COSMOmic, and indicate that IAM-

HPLC accounts insufficiently for effects of N-methylation. Considering that the SSLM data 

are obtained with relatively fluid phospholipid bilayers, and IAM-HPLC applies a covalently 

bound monolayer, we suggest applying corrective increments for the N-methyl head 

group contributions to K
IAM

 values of IAM-HPLC, compared against the SSLM D
MW

 values 

(δ
IAM-SSLM

). Multiple linear regression results in δ
IAM-SSLM

 of 0.78 ± 0.07 (s.e.) log units for primary 

alkylamines (i.e., K
IAM

 values underestimate the K
MW

 in bilayers), and 0.47 ± 0.09 log units for 

secondary amines. The δ
IAM-SSLM

 for tertiary amines is insignificant (-0.03 ± 0.10 log units), 

and very small for quaternary alkyltrimethylamines -0.11 ± 0.09. For COSMOmic δ
DMPC-SSLM

 

amine type corrective increments were derived similarly. Interestingly, primary amines 

tended to be slightly overestimated by COSMOmic (0.17 ± 0.17 log units), while the other 

amine types were slightly underestimated (0.2-0.4±0.16 log units). COSMOmic seems to 

be capable of predicting the effect of N-methylation in phospholipid bilayers. Contrary to 

suggested correction of COSMOmic values reported previously,[119] the SSLM data support 

the notion that the IAM-HPLC monolayer is the most probable source of inconsistency, 

creating scatter between IAM-HPLC and COSMOtherm. Using these δ
IAM-SSLM

 and δ
DMPC-SSLM

 

corrective increments, there is strong correspondence between SSLM D
MW

 values, the 

corrected IAM-HPLC K
MW(IAM)

 values, and corrected COSMOmic K
DMPC-W

 values, as shown in 

Figure 5.4B. All values are well within a factor 2 of the 1:1 line and the RMSE improved from 

0.39 to 0.21 (IAM-HPLC) and from 0.27 to 0.18 (COSMOmic).

5
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K

IAM
 results from the IAM-HPLC monolayer and simulated log K
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 values with DMPC bilayers using 

COSMOmic. In the graph on the right, IAM-HPLC values are corrected for 1° amines with +0.8 log units 
and 2° amines with +0.5 log units. COSMOmic values are corrected for 1° amines with −0.5 log units.

 

The three methods attribute similar effects of alkyl chain length, but also display a striking 

consistency in the difference between secondary dialkylamines and linear chain secondary 

alkylamine analogues. As discussed in Droge et al.,[119] COSMOmic provides a mechanistic 

explanation for the relatively lower contribution of CH
2
 units to the D

MW
 compared to 

single chain surfactants. Their design with two alkyl chains creates a steric effect, where 

the most favorable molecular position and orientation is mostly within the head group 

area of the phospholipid bilayer where – as a compromise – neither alkyl chain is aligned 

most favorably into the hydrophobic core region. The SSLM results confirm the difference 

in D
MW

 between secondary linear amine N-methyldodecylamine “S12” and secondary 

dihexylamine “S2-C6” by 2.24 log units, as was observed by Droge et al.[119] for IAM-

HPLC (1.93 log units), and COSMOmic (2.43 log units). For all three methods the difference 

observed is much larger than expected with one extra CH
2
 fragment in S

12
. Between S2-C6 

and dioctylamine (S2-C8), the SSLM D
MW

 increased by 1.5 log units, while the regression 

model in equation 3 would predict a 2.36 log unit increase based on the addition of four 

CH
2
 units. COSMOmic also predicts a smaller value (1.73 log units) for the CH

2
 increment 

between S2-C6 and S2-C8, while IAM-HPLC showed a 2.16 log unit difference (Table S3).
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DMW values for cationic surfactants compared to KOW predictions

The most recent analysis of K
MW

 values of neutral compounds,[7] mostly obtained with 

liposomes, showed a strong correlation with K
OW

:

 (eq. 4) 

There is only a poor correlation (R2 0.49) between the SSLM measured logD
MW

 at pH 

7.4 and the logKow of the neutral primary, secondary, and tertiary amines, as shown in 

figure S10. The influence of the methyl units on the charged nitrogen are reversed for the 

two distribution coefficients. Each N-methyl unit increases the logK
OW

 while it reduces 

the logD
MW

. Also, even though the sorption affinity of the protonated amines to the 

SSLM bilayer increases with linear alkyl chain length as the K
OW

 predicts, the logD
MW

 of 

the dialkylamines is orders of magnitude lower than the logK
OW

 (for S2-C8 4.61 and 7.01, 

respectively). Typically for studies on the toxicokinetic properties of ionizable chemicals, 

a logD approach is followed, correcting the logK
OW

 for speciation of the neutral amines at 

the tested pH 7.4 (99.9% ionic for primary and secondary amines, 99.7% for tertiary amines). 

To derive a logD, however, the affinity of the ionic species for octanol needs to be known 

or predicted. In the absence of measurements, often a constant factor of ~3 log units 

lower than logP is applied, or the affinity of the ionic species are ignored and the K
OW

 is 

multiplied by the fraction of neutral species. As shown in Figure S10, both logD approaches 

underestimate the sorption affinity to membranes up to a factor of 1000, and do not solve 

the poor correlation. Instead, logK
OW

 could still be used to identify specific scaling factors 

to the difference in sorption affinity to a bilayer between neutral and ionic species, with 

the neutral affinity still based on equation 4. Table S3 lists the K
MW

 values for the neutral 

primary, secondary and tertiary amine species calculated via equation 4 (logK
OW

 predicted 

by ACD/Labs). Accordingly, the average difference between charged D
MW,PBS

 and neutral 

K
MW

 species (Δ
MW

) for primary amines is -0.05, so the affinity of charged primary amines 

is larger than the neutral species. For the three linear single chain N-methylalkylamines 

Δ
MW 

is 0.44, for the linear N,N-dimethylalkylamines, the Δ
MW 

is 1.25. These values closely 

correspond to the scaling factors suggested for the bioaccumulation model for ionogenic 

compounds (BIONIC) proposed by Armitage et al.,[64] which were 0.3, 0.5 and 1.25 for 

primary, secondary and tertiary amines, respectively, based on data sets of measured K
MW

 

values for both ionic and neutral species. However, the Δ
MW

 is 1.90 and 2.55 for the two 

dialkylamines S2-C6 and S2-C8, respectively, much higher than the 0.44 derived with the 

other secondary amines. The examples of the dialkylamines show that applying a single 

5
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Δ
MW 

scaling factor for all secondary amines to calculate the D
MW,PBS

 from the K
OW

 relationship 

in equation 4, can lead to erroneous values. Similarly, this exercise shows that K
OW

 is not 

an adequate single descriptor to model the D
MW

 values for ionized compounds. Measured 

K
MW

 values with TRANSIL, K
PLIPW

 values with IAM-HPLC, and even simulated K
DMPC

 values 

with COSMOmic, provide much more accurate and more mechanistically sound estimates 

compared to K
OW

-based regressions.

Perspective on SSLM assay measurements and associated DMW estimates

This study showed that the adapted SSLM protocol, with SSLM beads transferred from a well 

plate to autosampler vials, facilitated the analysis, improved recovery in methanol reference 

vials, and gained experimental control over the aqueous phase. The medium renewal 

removed third phase liposome artefacts, and allowed for altered pH of the test medium. 

The problem of detached phospholipids in the original SSLM medium became significant 

for all compounds with a D
MW

 higher than log 4, while using methanol controls instead 

of PBS controls seems mostly important for hydrophobic organic cations, and surfactants 

in general.[175] The experimental determination of D
MW

 becomes problematic above log 

5.5, because with the required phospholipid/sorbate molar ratio >60, the aqueous phase 

concentrations obtained directly from the autosampler vials, are nearing LC-MS/MS detection 

limits. This means that to measure D
MW

 values for cationic surfactants with alkyl chains longer 

than C
12

, and dialkylamines with alkyl chains longer than C
8
, either cumbersome solid phase 

extraction steps from larger test volumes are required – which may include uncontrolled 

adsorption losses – or sorption affinities need to be extrapolated with the model, or from 

series of smaller analogues. Alternatively, COSMOmic seems to provide a realistic and accurate 

predictive tool for cationic surfactants, which allows for extrapolations to longer chain 

cationic surfactants (Table 5.1) and slight alterations of the head groups. For example, the 

logK
DMPC-W

 for didecyldimethylammonium chloride (DDAC), a commonly used biocide,[307] 

and cetylpyridinium, a commonly used antiseptic, are 7.53 and 7.03 (Table 5.1), which are 

both experimentally not feasible to measure with currently applied IAM-HPLC and SSLM 

assays. The logK
DMPC-W 

for
 
behentrimonium, a trimethylalkylammonium compound with a 

chain length of C
22

 which is used in many hair care products and which has been detected 

in marine sediments,[37] is 10.3. The dialkylquat DODMAC (mixed chain length of C
16

/C
18

), 

banned for certain uses in the EU,[292] has a predicted logK
DMPC-W 

of 15.5. For these examples, 

the very high predicted sorption affinities to cell membrane should be considered in risk 

assessment models (e.g. for bioaccumulation [64]) alongside strong sorption affinities to 

environmental particles,[176, 177, 218, 283] which strongly reduces the bioavailability, and 

thus result in relatively low accumulation from the environment into tissues.[56, 57, 79, 171]
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Table S2. LC-MS parameters

The interface for the MS-MS was a Turbo Ion spray in positive ionization mode operated at 400 °C, except 
for P10 which was detected at 300 °C. The following settings were used for all compounds: nebulizer gas 
(NEB) = 8; collision cell gas (CAD) = 3; collision cell entrance potential (EP) = 10 V; collision cell exit potential 
(CXP) = 12 V. Compound-specific settings can be found in the table. (CUR = curtain gas; IS = ion spray voltage; 
DP = declustering potential; FP = focusing potential; CE = collision energy).

Compound M1 m/z M3 m/z CUR IS (V) DP (V) FP (V) CE (V)

P8 130.1 70.9 7 4500 70 200 16

P10 158.3 57.1 6 4900 70 320 23

P12 186.4 70.9 7 4500 33 186 20

S8 144.1 71 7 4500 60 250 19

S10 172.3 57.1 7 4000 65 380 27

S12 200.2 70.9 7 4500 75 220 24

S2-C6 187.1 103 6 4500 70 400 22

S2-C8 243.4 131 6 4500 70 400 27

T8 158.4 46 7 4500 80 200 30

T10 185.9 57.1 7 4500 70 350 33

T12 214.2 57.1 7 4500 64 195 35

Q8 172.3 60 7 4500 43 292 34

Q10 200.3 60 8 3200 51 300 27

Q12 228.3 60 7 4500 58 292 39

Q14 256.5 60 7 4500 58 292 44

BAQ6 220 91 9 5500 38 292 33

BAQ8 248.2 91 9 5500 45 292 45

BAQ10 276.4 90.9 7 4500 51 292 47

PYR12 248.4 80.1 7 4500 45 270 33

5
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Table S3. Overview of K
MW

 values and associated data for tested chemicals

Conc. Range

(buffer, µM)

Glass 

binding

in ref.

logKMW

(± s.e.)

TRANSIL

pH7.4

N 95% c.i.

logKMW(IAM)

IAM-HPLC

pH5.0 a

corrected

(nr. kIAM 

included)

logKDMPC-W 

COSMOmic

(cation) b

incl. offset

maximum 

logKDMPC-W 

difference 

between 

conformers 

(nr. conf.)

logKMW
 

c via 

logKOW

(neutral)

P8 0.11 - 13.2 25% 3.10 ± 0.03 12 3.04-3.17 3.10* 3.31 0.78 (5) 3.21

P10 0.010 - 2.3 29% 4.30 ± 0.04 12 4.23-4.38 4.35 (5) 4.43 0.84 (5) 4.28

P12 0.0013 - 0.036 57% 5.58 ± 0.04 11 5.49-5.66 - 5.61 0.35 (2) 5.35

S8 1.4 - 12.9 n.d. 2.76 ± 0.01 6 2.73-2.79 2.80* 2.61 0.87 (7) 3.44

S10 0.110 - 6.8 26% 3.98 ± 0.03 11 3.92-4.03 4.07 (7) 3.74 0.35 (2) 4.41

S12 0.0055 - 0.15 46% 5.39 ± 0.01 23 5.37-5.42 5.28* 4.88 0.46 (3) 5.58

S2-C6 0.022 – 0.71 5% 3.15 ± 0.02 14 3.10-3.20 3.35 (6) 2.37 0.35 (6) 5.05

S2-C8 0.074 - 1.26 - 4.65 ± 0.02 6 4.61-4.69 5.51 (6) 3.94 0.67 (4) 7.20

T8 2.46 - 17 n.d. 2.35 ± 0.02 6 2.31-2.40 2.35* 2.13 0.76 (5) 3.94

T10 0.035 - 6.3 26% 3.65 ± 0.02 15 3.61-3.68 3.59 (7) 3.30 0.78 (4) 5.01

T12 0.0026 – 0.20 46% 5.30 ± 0.02 12 5.25-5.34 - 4.36 0.44 (3) 6.09

Q8 1.78 - 27.5 n.d. 2.18 ± 0.04 12 2.10-2.26 2.07* 1.78 0.37 (2) -

Q10 0.054 - 10.7 n.d. 3.34 ± 0.03 12 3.28-3.40 3.33 (7) 2.90 0.42 (2) -

Q12 0.031 - 1.2 20% 4.35 ± 0.02 9 4.32-4.39 4.46 (6) 4.07 (1) -

Q14 0.0052 - 0.180 56% 5.46 ± 0.03 9 5.39-5.54 - 5.21 (1) -

BAQ6 0.20 - 4.3 n.d. 2.12 ± 0.02 8 2.08-2.16 2.31* 1.47 0.34 (4) -

BAQ8 0.34 - 3.8 n.d. 3.11 ± 0.01 7 3.08-3.15 3.19* 2.56 0.44 (3) -

BAQ10 0.010 – 2.0 39% 4.01 ± 0.02 12 3.97-4.06 4.36* 3.65 0.43 (2) -

PYR12 0.0074 – 0.310 51% 4.89 ± 0.03 10 4.84-4.95 - 4.37 (1) -

aK
MW(IAM)

 is based on the retention capacity factor for the Immobilized Artificial Membrane column (k
IAM

) x 18.9 
phase ratio (water:phospholipids), and corrected for the δ

IAM-SSLM
 corrective increments determined in this study: 

+0.78 log units for 1o amines, +0.48 log units for 2o amines, -0.03 log units for 3o amines, and -0.11 log units for 
QACs. Data with * are from earlier work [119].
b COSMOmic calculations were performed with the same DMPC input structures and membrane potential 
settings as recommended by Bittermann et al. [117], with a recommended cation offset factor of -0.4 log units. 
Values are weighted averages of the most relevant conformers.
c using the regression by Endo et al. [7]: log K

MW
 = 1.01x log K

OW
 +0.12. log K

OW 
values are predicted by ACD/Labs



149

Sorption of Cationic Surfactants to Phospholipid Bilayers and Monolayers, and Molecular Simulations

0 1 2 3 4
4

5

6

7

8

OVERVIEW
Washed vs Unwashed

LOG CPBS (nM)

LO
G

C
SS

LM
(n

m
ol

/k
g

lip
id

)

Unwashed
Washed

BAQ6     [2.12]
P8    [3.10]
T10  [3.65]
PYR12    [4.89]
S12         [5.39]

Unwashed

Figure S1. Influence of D
MW

 on significance of leaked phospholipids in medium

A series of cationic surfactants with different D
MW

 values were spiked to:

A. HPLC autosampler vials that contained SSLM beads in their original test medium (transferred 
from the 96 well plate – “unwashed”, though diluted by a factor of 2);

B. HPLC autosampler vials that contained SSLM beads without the original test medium 
(transferred from the 96 well plate – centrifuged, removal of supernatant and addition of fresh 
test medium – “washed”).

In accordance with the data modeled elsewhere (Figure S4), there is no influence of this washing step 
up to a D

MW
 of log 3.65 (e.g. the surfactant T10 plotted here).

For S12 (log D
MW

 of 5.39) the influence of renewing the test medium with fresh PBS, and thus removing 
the presence of leaked phospholipids, is up to factor 10 higher D

MW
 values and consistent linear 

isotherms instead of variable/nonlinear isotherms for unwashed beads.

5
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Figure S2 (left). Comparison between aqueous spike solution and spike solution in methanol for 
N-methyldodecylamine (S12). Figure S3 (right). Comparison between B- and E-series for dodecylamine 
(P12), for which two constant SSLM amounts were spiked with six serially diluted stock solutions in 
methanol.

Figure S2 indicates that any influence of the composition of the spiking solution is minimal, if present 
at all, and no explanation for the non-linear shape of the sorption isotherm. Two SSLM test series were 
compared, of which one was spiked directly with a methanol dosing standard and one was spiked 
using a dosing standard made up of an aqueous solution. Both dosing standards did not have the same 
starting concentration, hence the downward shift of the isotherm based on the methanol-spiked series. 
The sorbent dilution series follow Vials B (lowest SSLM) – G (highest SSLM).

Figure S3 shows that when a consistent amount of TRANSIL beads were used in a series spiked with 
different concentrations of surfactant, a linear isotherm readily fits the data for each series. The B-series 
has the lowest bead content in a standard row of the 96 type well plate; the E-series has a 5.8 times higher 
bead content. Conform the nonlinear relationship within the standard sorbent dilution series (Figure S1), 
the D

MW
 for the E-series is consistently lower than for the B-series.
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Figure S4. Overview of the predicted influence of phospholipid leakage (0%, 1% and 2% leakage from the 
SSLM material), at three different sorption affinities in the range log D

MW
 4-5. The modeled values clearly 

show negligible deviations for a chemical with a log D
MW

 of 4 at the vials with the lowest SSLM material 
(highest C

PBS
), up to a factor of 2 at the highest SSLM material (lowest C

PBS
) in the case of 2% leakage. For 

a chemical with a log D
MW

 of 4.5 there is still negligible effect of leakage up to 2% lipids at the vials with 
the lowest SSLM material (highest C

PBS
), but this increases to a factor of 3 and factor of 8 at the highest 

SSLM material (lowest C
PBS

) in the case of 1% and 2% leakage, respectively. For a chemical with a log D
MW

 
of 5 there is still negligible effect of leakage up to 2% lipids at the vials with the lowest SSLM material 
(highest C

PBS
), but this increases to more than a factor of 3 at the highest SSLM material (lowest C

PBS
) in 

the case of only 1% leakage, and a factor of 10 with 2% lipids leaking into the test medium.

5
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Figure S5 (left). Influence of incubation time on measured D
MW

 for N-methyldodecylamine (S12). Figure 
S6 (right). Influence of storing centrifuged samples at room temperature in the autosampler on leaching 
of lipids, determined by D

MW
 for N-methyldodecylamine (S12).

The results presented in figure S5 prove that incubation time has a very minor, if any, effect on measured 
D

MW
. Four series of sorbent dilution series were placed on a roller mixer, each series spiked with the same 

methanol stock solution. The four different vials in each series were centrifuged (10 minutes) after 5, 30, 
60 or 240 minutes on the roller mixer. No statistically significant differences in D

MW
 were observed when 

fitting with a log-linear sorption isotherm with a fixed slope of 1.

To produce the isotherms in figure S6, one series of beads was spiked (after washing as described in 
M&M) and left for 3 hours at room temperature before centrifugation and measurement. Vials with 
beads were then left at room temperature and measured again after a total of 12 and 21 hours at room 
temperature. The results between the three measurements are virtually identical, especially considering 
analytical uncertainty of LC-MS/MS measurements in general, indicating that lipids do not leak into the 
medium of the autosampler vial for centrifuged samples, as this would have increased the apparent C

PBS
.
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Figure S7. Influence of neutral fraction on D
MW

 estimates

Comparison of a quaternary and tertiary amine at pH 5.4 and pH 7.4 provides evidence that there is 
negligible contribution of the neutral fraction of T10 at pH 7.4, where the tertiary amine T10 is >99.5% 
ionic (pKa ~ 10, see Table S1). Q10 is of course 100% ionic at both pH values.

At pH 5.4 the neutral fraction should be 100-fold lower than at pH 7.4. Since only a slight (not statistically 
significant) decrease of 0.1 log units in D

MW
 is observed for both amines, virtually identical for a quaternary 

amine that – by definition – is not susceptible to contribution of a pH-dependent neutral fraction, any 
contribution of the small neutral fraction present at pH 7.4 can be assumed to be trivial.
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Figure S8. Matrix of all isotherm plots.

This matrix contains all data points and all isotherms used to calculate the D
MW

 values reported in the 
tables and the main body of this chapter. Both axes are identical for every graph. The dotted line at a 
sorbed concentration of approximately log 7.3 (nmol/kg lipid) indicates the maximum liposome loading 
as established in the main text.
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Figure S9. Matrix of all solvent series measurements with IAM-HPLC

Performed in this study, and overlapping IAM-HPLC data from a previous study [119] [120]. The BAC series 
were performed for the ESPI study.

Figure S10. Comparison between log P/log D and the sorption affinity to bilayer membrane for ionizable 
cationic surfactants. Log P values are taken from ACD/Labs.
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Abstract

Biodegradation potential of cationic surfactants may be hampered by inhibition of 

inoculum at concentrations required to accurately measure inorganic carbon. At >0.3 

mg/L cetyltrimethylammonium bromide (CTAB) negatively impacted degradation of 

the reference compound aniline. We used silicon dioxide (SiO
2
) and illite as inorganic 

sorbents to mitigate toxicity of CTAB by lowering freely dissolved concentrations. In an 

OECD Headspace Test we tested whether 16.8 mg/L CTAB was readily biodegradable 

in presence of two concentrations of SiO
2
 and illite. SiO

2 
adsorbed 85% and 98% CTAB, 

resulting in concentrations of 2.5 and 0.34 mg/L, mineralized to CO
2
 >60% within 16 and 23 

d, respectively. With 89% and 99% sorbed to illite, 60% mineralization was reached within 9 

and 23 d, respectively. However, higher sorbent concentrations increased time needed to 

reach >60% mineralization. Thus, desorption kinetics likely decreased bioaccessibility. It is 

therefore essential to determine appropriate concentration of mitigating sorbent to render 

a Headspace Test based on carbon analysis suitable to determine ready biodegradability of 

compounds which might inhibit inoculum. This would avoid use of expensive radiolabeled 

compounds. However, high sorbent concentrations can reduce bioaccessibility and 

limit degradation kinetics, particularly for relatively toxic substances that require strong 

mitigation.
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Introduction

Environmental persistence of potentially toxic chemicals is a key property in aquatic and 

terrestrial environmental risk assessment. Persistency may widespread occurrence and 

accumulation of concentrations near input streams. Evidence of significant biodegradation 

in standard test protocols, even without qualifying as readily biodegradable, is therefore 

of critical importance for routinely applied chemicals, such as ingredients of products 

for every-day consumer use, or commonly prescribed drugs that enter environmental 

systems via (treated) waste water effluent. Use in applications such as corrosion inhibitors 

or antifouling coatings may also generate fairly continuous environmental input. There 

are various types of standardized assays to determine biodegradability of a chemical by 

microbial communities, such as those present in activated sludge, sediment, or soil [139-

144]. Ideally, these tests reproducibly determine the time needed to mineralize organic 

contaminants into CO
2
. CO

2
 production due to biodegradation is routinely measured 

using inorganic carbon (IC) analysis, which is often restricted to limits of quantification 

(LOQ) around 0.5 mg/L, because of background respiration in the inoculum [145]. As 

a result, recommended test concentrations in biodegradation assays that depend on 

carbon analysis are in the range of 10-20 mg organic carbon per liter (mg
 
C/L). Potential 

issues arise when these concentrations exceed solubility limits or toxic effect levels to 

critical micro-organisms in the inoculum [309, 310]. Dean-Raymond and Alexander 

(1977), tested ultimate degradation of ten cationic surfactants; eight were found to 

“resist attack by microorganisms” [311]. Only decyltrimethylammonium bromide and 

hexadecyltrimethylammonium bromide (cetyltrimethylammonium bromide; CTAB) 

were degraded by soil and sewage inocula, although CTAB was not degraded at the 

highest of three tested concentrations (100 mg/L), suggesting inhibitory effects prevented 

biodegradation for most compounds/concentrations.

The OECD 310 Guideline [140] describes how to measure aerobic mineralization of a 

chemical to CO
2
 in inoculated medium, including stringent requirements to label a 

chemical as ‘readily biodegradable’ (>60% of maximum attainable theoretical IC production 

(ThIC) within 28 d of incubation, which has to be reached in a 10-d window that starts 

when biodegradation reaches 10%). The Guideline refers to a ring-test of five surfactants, 

including CTAB [140]. The addition of silica gel (SiO
2
) is specifically mentioned to “neutralize 

toxicity” of CTAB, referring to a 2003 study [146]. It is hypothesized that CTAB inhibits 

inoculum at the required concentration, although no references were provided. Adsorption 

of CTAB to silica gel reduced freely dissolved CTAB concentration to below inhibitory levels, 

6
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resulting in 75±13% biodegradation (11 participating laboratories). CTAB adsorbed to SiO
2
 

thus appeared to be bioaccessible, allowing for a potentially toxic concentration of CTAB 

to be degraded [146].

In 2008, another biodegradation study reported the use of 2 g/L SiO
2
 for 

octadecyltrimethylammonium chloride (ODTAC), a cationic surfactant with a longer 

alkyl chain than CTAB [145]. ODTAC was toxic to the inoculum, but could be classified as 

readily biodegradable with addition of SiO
2
. In this study, other sorbents that enhanced 

biodegradation were humic acid and lignosulphonic acid, although biodegradation of 

ODTAC was fastest with SiO
2
 as mitigating adsorbent. A more recent paper by Sweetlove 

et al. provides some refinement of this work, aiming at high throughput screening [147]. 

The studies mentioned above provide rough guidelines on the use of adsorbents [145-

147], but we argue that ideally a more systematic approach is required to determine the 

balance between toxicity, bioavailability and bioaccessibility of cationic surfactants in such 

critical biodegradation studies.

Our goal was to run a stepwise series of tests as a combined protocol to determine the 

biodegradation potential of CTAB in a sorbent-modified Headspace Test [140]. In previous 

studies it was identified that SiO
2
 formed a gel-like structure, hindering the use of magnetic 

stirring to aid gas exchange and increase interaction between sorbent and inoculated 

medium [145] Cationic surfactants readily sorb to mineral surfaces such as clay minerals 

[177, 312, 313], and can cause analytical difficulties as they tend to sorb significantly to 

glassware and laboratory equipment [257]. Since clay minerals with a higher cation 

exchange capacity than SiO
2
 provide more adsorption sites, less sorbent material should 

be needed to mitigate toxicity. In addition, clay minerals do not form a viscous gel layer 

and might therefore offer faster desorption kinetics, enhancing bioaccessibility. We tested 

SiO
2
 and illite clay as sorbents unlikely to influence background respiration, since they 

contain no organic material. Previously, Illite clay was used in a systematic evaluation of 

the sorption affinity of organic cations [177]. This allows for close comparison between the 

sorption study by Droge and Goss and the conditions in the current biodegradation study.

[177] Furthermore, illite is a 2:1 non-expanding clay mineral with only siloxane surfaces 

and therefore only has outer surfaces to adsorb organic cations, which should facilitate 

bioaccessibility through desorption. Compared to another non-expanding clay mineral 

such as kaolinite, illite has a relatively high cation-exchange capacity (~200 meq/g and 

~20 meq/g, respectively) [314].
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First, we determined CTAB concentrations that maintain full inoculum activity, by 

determining the no observed effect concentration of CTAB at which biodegradation of 

a reference compound is inhibited. Degradation of aniline was followed for 14 d using 

the manometric respirometry method with the OxiTop respirometer system. Secondly, 

sorption isotherms with SiO
2
 and illite were determined to calculate required sorbent 

loadings to achieve CTAB concentrations below the adverse effect level with a spiked 

CTAB concentration of 10 mg C/L (= 16.8 mg/L). The selected sorbents easily settled 

upon centrifugation, allowing for analysis of dissolved concentrations in supernatant and 

calculation of sorbed concentrations using a mass balance approach. Thirdly, we tested 

bioaccessibility of adsorbed CTAB, and whether employing these sorbents during a 28 

d ready biodegradability study would serve to classify CTAB as readily biodegradable. 

Biodegradability is an intrinsic property of a chemical compound and has significant 

implications in environmental risk assessment. It is therefore highly relevant to pursue 

methodology preventing compounds from being incorrectly classified with respect 

to their biodegradability. We used radiolabeled [14C]CTAB to study biodegradation at a 

concentration of 16.8 mg/L, using the two mitigating sorbents at two different sorbent 

loadings that would amount to initially adsorbed fractions of 90% and 99%.

Materials and methods

Chemicals and sorbents

CTAB (analytical grade), sodium benzoate (analytical grade), aniline (analytical grade), and 

silicon dioxide (Davisil Grade 633, particle size 35-75 µm, surface area 480 m2/g), and all 

solvents (analytical grade) were obtained from Sigma-Aldrich (Gillingham, Dorset, UK). Illite 

clay was purchased as a fine powder and stems from Argiletz (France). [14C]CTAB (>98% 

by HPLC-PMT), was obtained from American Radiolabeled Chemicals Inc. (Saint Louis, 

MO, USA). [14C]CTAB was mixed with CTAB; production of radiolabeled CO
2
 was a proxy 

for total biodegradation. A stock solution of [14C]CTAB was prepared in acetone and the 

exact concentration was determined using liquid scintillation counting (LSC), after which 

unlabeled CTAB was added to reach the desired ratio of labeled to unlabeled material. 

The stock solution was then kept at 4 ± 2 °C until use.

Salts used to prepare buffers and mineral media, potassium hydroxide (KOH), sodium 

hydroxide (NaOH), sulfuric acid (H
2
SO

4
), and trifluoroacetic acid were all analytical grade 

(Sigma-Aldrich). Scintillation cocktails (Hionic-Fluor, Pico-Fluor Plus and Permafluor E+), 
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Carbosorb and combustion cones for the sample oxidizer were purchased from PerkinElmer 

(Seer Green, Beaconsfield, UK). Each batch of mineral salts medium was prepared one hour 

before use with concentrated stock solutions and ultrapure water (PURELAB flex, ELGA 

LabWater, High Wycombe, UK), as described in the Guideline [140].

Inoculum

Inoculum was extracted from activated sludge obtained from Broadholme Sewage 

Treatment Works (BSTW; Ditchford Road, Wellingborough & Irthling, UK), which treats 

sewage from approximately 80,000 household; <15% of the organic load is attributable 

to industrial discharge [315]. Sludge was sparged with CO
2
 free air overnight at room 

temperature (21±1 °C) to remove inorganic carbon. The sparged suspension was then 

transferred to a flow-breaking beaker, and homogenized at 12,000 rpm for 5 min using 

a Polytron PT 3000 dispersion unit (Kinematica AG, Littau, Switzerland). The resulting 

suspension was centrifuged at 800 g for 10 min, after which remaining suspended solids 

were removed by slowly pouring through a funnel filled with laboratory grade glass wool 

(Sigma-Aldrich). Subsequently, the filtered inoculum was added to mineral salts medium 

(final inoculum concentration: 10 mL/L). Concentration of suspended solids in the activated 

sludge was generally 5±1 g/L, but it should be noted that only the filtered supernatant 

after centrifugation was used for inoculation.

CTAB toxicity test

A 14 d manometric respirometry test [139] was used to determine the no observed effect 

concentration in activated sludge (NOEC-STP) of CTAB. Five CTAB concentrations were 

prepared in triplicate (0.3, 1.0, 3.0, 8.0 and 24 mg/L). All vessels were spiked with 9 mg/L 

aniline (theoretical oxygen demand (ThOD): 24 mg/L). Three control vessels containing 

only aniline and three blanks were included. Unlabeled CTAB stock solution in ultrapure 

water was added to 80 mL of medium, followed by 80 mL of medium containing 20 

mL/L inoculum. Rubber inserts containing KOH were lodged into the vessels' opening. 

Manometric measuring heads (OxiTop, WTW, VWR, East Grinstead, UK) were tightly 

screwed onto each bottle to start the measurements. Vessels were maintained at 22 ± 1 °C 

in HT Multitron stackable incubators (Infors AG, Bottmingen, Switzerland), programmed for 

orbital shaking at 100 rpm. Measuring heads recorded pressure at 360 time points in equally 

spaced intervals for 14 d, which was automatically converted into oxygen consumption. 

Comparing oxygen consumption to the ThOD yields a percentage degradation. The NOEC-



163

Toxicity Mitigation and Bioaccessibility of CTAB in a Sorbent-Modified Biodegradation Study

STP of CTAB was considered to be the highest concentration at which ≥60% aniline was 

biodegraded within 14 d.

CTAB sorption test

SiO
2
 and illite clay form suspensions that readily settle upon standing still. Using 20 mL 

borosilicate scintillation vials (PerkinElmer), three CTAB concentrations (0.1, 1.0 and 10 mg/L) 

were exposed to three concentrations of sorbent (0.80, 4.0 and 20 g/L) in triplicate. Control 

vials without sorbent were also prepared to correct for sorption to the borosilicate surface. 

Vials were placed on a roller mixer (Thermo Fisher Scientific, Waltham, MA, USA), set at 30 

rpm and 20 ± 1°C overnight, centrifuged at 2,400 g for 30 minutes, after which three 4 mL 

aliquots of the supernatant were analyzed by LSC (Tri-Carb 2710TR, PerkinElmer). Sorbed 

amounts were calculated using a mass balance approach; a linear sorption isotherm was 

fitted to calculate average sorption coefficients. After determining the sorbent-water 

sorption coefficient (K
sorbent-water

) it is possible to calculate how much sorbent (V
sorbent

) to 

add to a certain amount of toxicant (A
toxicant

), in order to decrease the freely dissolved 

concentration to levels sufficiently below the NOEC-STP (C
aq,safe

):

 

   (eq. 1)

, thus

     (eq. 2)

 
CTAB biodegradability test

Biodegradability of a CTAB concentration exceeding the NOEC-STP was studied under 

variable sorbent additions during 35 d, using the design of the OECD Guideline [140]. Based 

on the obtained sorption coefficients sorbent concentrations were chosen to yield sorbed 

CTAB fractions of 0% (no sorbent), ~90% and ~99%. The spiked CTAB concentration of 16.8 

mg/L in these three treatments was selected to be both in the inhibitory range determined 

in the toxicity test (8-24 mg/L) as well as comparable to spiking levels recommended for 

using IC analysis (i.e. 10-20 mg C/L; approximately 16-32 mg/L CTAB). Due to using [14C]CTAB 

relatively low freely dissolved concentrations of CTAB and CO
2
 could still be determined 
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accurately, while the mass balance could also be monitored, even in systems with high 

sorbent concentrations (see below).

For each sorbent-dosed CTAB treatment, triplicates were prepared for 10 measuring 

points in a 35 d test period. Six duplicates without sorbent were prepared to monitor the 

inhibition levels each week. Each 125 mL borosilicate serum vessel (Wheaton, New Jersey, 

USA) was filled with a total of 100 mL medium, resulting in a 64 mL headspace. Vessels 

were first spiked with [14C]CTAB acetone stock solution, loosely covered and left standing 

overnight at room temperature to allow acetone to evaporate. Gentle flushing with 

nitrogen gas removed residual acetone vapors. Dry sorbent was added, and a Perimatic 

Premier precision dispensing pump with a re-circulation loop (Jencons Scientific Ltd, VWR, 

East Grinstead, UK) delivered 50 mL mineral salts medium without inoculum. At least 2 h 

was allowed for interaction between dissolved CTAB and sorbent. Abiotic control vessels 

were filled with a second 50 mL aliquot of medium without inoculum. A 50 mL aliquot 

of medium with 20 mL/L of inoculum was added to all other vessels. Vessels were then 

tightly capped using 20 mm butyl rubber stoppers and aluminum crimp caps (Sigma-

Aldrich), and incubated in HT Multitron stackable incubators at 22 ± 1 °C and an orbital 

shaking rate of 100 rpm.

Sodium benzoate was the reference compound in the CTAB biodegradability test. Benzoate 

is a more common reference than aniline and should be fully biodegraded within 14 d, 

usually ~90% biodegradation is reached within 7 d of incubation. Blanks should yield an 

IC content of <3 mg/L after 28 d. Supplementary controls with benzoate and sorbent (20 

g/L SiO
2
 or 4 g/L illite clay) were incorporated to rule out effects of sorbent on inoculum 

performance. These control vessels were all incubated and treated with 7 M NaOH as 

described below, but after opening the contents of each vessel were divided over three 

20 mL vials compatible with a Shimadzu ASI-V autosampler (Shimadzu Ltd., Milton Keynes, 

UK). Vials were closed immediately after pouring in order to prevent uptake of atmospheric 

CO
2
. Within 24 h after initial sampling, IC content was determined using a Shimadzu TOC-V. 

IC production in the control vessels was corrected for background IC production in the 

blanks. Biodegradation was then quantified based on ThIC of the added benzoate.
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CTAB detection, analysis and mass balance

Before sampling, vessels were injected with 1 mL of 7 M NaOH, to solubilize all inorganic 

carbon, and left in the incubator for 60 min. After this time, suspended sorbent particles 

were allowed to settle if needed. Immediately after opening, three 3 mL aliquots were 

sampled to analyze the total carbon content (TC). Three additional 3 mL aliquots were 

acidified using 1 mL of 4 M H
2
SO

4
 to convert HCO

3
- to gaseous CO

2
, which was vented off 

by leaving samples uncapped overnight. Acidified samples therefore only contain organic 

carbon (TOC), and the difference between alkaline (TC) and acidified (TOC) samples 

represents mineralization i.e. the amount of IC (CO
2
 and carbonates) formed. After adding 

16 mL of Hionic-Fluor, followed by rigorous shaking for 5 s, samples were analyzed by 

LSC on a Tri-Carb 2710TR. Percentage biodegradation was then calculated by comparing 

the amount of radiolabeled CO
2
 formed with the total applied dose of radioactivity. All 

biodegradation data was fitted using the ‘[Agonist] vs. response – Variable slope (four 

parameters)’ model as included with GraphPad Prism 7.04 for Windows.

After sampling, vessels were emptied and sorbent was removed by rinsing the vessels with 

10 mL MilliQ. To extract CTAB sorbed to the glass wall, 5 mL washing solution (90% (v/v) 

methanol and 0.1% (v/v) trifluoroacetic acid in MilliQ) was added to each vessel and left 

for 2.5 h at 30 rpm on a roller mixer (Thermo Fisher Scientific). The washing solution was 

then poured into a 20 mL liquid scintillation vial and mixed with 16 mL Hionic-Fluor for LSC.

On Day 22 the contents of the vessels were filtered under vacuum using a 100 mm 

Whatman GF/C glass fiber filter. If needed, vessels were rinsed twice with 6 mL of MilliQ to 

retrieve all sorbent. Filters were left to dry overnight, and stored at room temperature until 

further analysis. The residue on each filter was divided over multiple cellulose PerkinElmer 

combustion cones for use in a Packard Model 307 sample oxidizer (PerkinElmer). Empty 

filters were cut in halves and stuck into separate combustion cones. Before introduction 

into the sample oxidizer, combustion cones were enriched with 100 µL analytical grade 

hexadecane to increase the combustion temperature in order to volatilize any remaining 

[14C]CTAB. [14C]CO
2
 formed during combustion was trapped in approximately 5 mL of 

Carbo-Sorb E, which was mixed with 7 mL of Permafluor E+. Combustion samples were 

then topped up with 8 mL of Pico-Fluor to decrease quenching, primarily caused by small 

soot particles from the combustion process. After LSC, measurements of glass extracts, 

combusted and alkaline samples were used to determine a mass balance, with abiotic 

control vessels as a 100% reference.
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Results and discussion

CTAB no observed effect concentration

A manometric respirometry assay was used to determine the approximate concentration at 

which CTAB inhibits microbial degradation of aniline. The positive control containing only 

aniline showed close overlap between triplicate vials, and blanks showed no significant 

background oxygen consumption (Figure S1). A lag phase of approximately 4 d can be 

observed (Figure 6.1), and after 10 d 60% of ThOD is reached. Results obtained were suitable 

to estimate the no observed effect concentration in activated sludge (NOEC-STP). Only the 

CTAB treatment of 0.3 mg/L showed a biodegradation profile comparable with the positive 

control. At the highest CTAB concentration of 24 mg/L no biodegradation was recorded at 

all, indicating complete inoculum knockout. At 8.0 mg/L CTAB a prolonged lag phase was 

observed, in combination with significantly reduced biodegradation after 14 d, which was 

also observed at 3.0 mg/L. At 1.0 and 0.3 mg/L the lag phase was comparable with the 

positive control, but biodegradation at 1.0 mg/L reached only 50% after 14 d. These results 

indicate that inhibitory effects of CTAB on inoculum activity are likely to become significant 

above 1.0 mg/L, and stronger effects can be expected between 8.0 and 24 mg/L. A freely 

dissolved CTAB concentration of <1 mg/L through addition of sorbent should then be 

sufficient to mitigate inhibitory effects on the inoculum. The NOEC-STP for CTAB is up to 

two orders of magnitude lower than the recommended CTAB test concentration of 16-32 

mg/L. Graphs showing mean raw data of all 360 measurement points per series can be 

found in figure S7.

For optimal toxicity mitigation it is essential to accurately predict how addition of sorbent 

will influence freely dissolved concentrations of the inhibitory compound. CTAB sorption 

isotherms obtained for SiO
2
 and illite clay are presented in Figure 6.2. For SiO

2
 the isotherm 

is linear (fitted slope of 1) over the concentration range 2.2 µg/L to 2.4 mg/L, adequately 

covering concentrations exceeding the NOEC-STP (0.3 mg/L). Two independently 

performed series show good agreement; a second experiment was performed since the 

first measurement series shows signs of leveling off at its respective highest concentration 

(100 nM). Fit of the combined data results in a K
sorbent-water

 of 1820 L/kg SiO
2
. For illite clay 

the isotherm covered concentrations from 0.9 µg/L to 0.2 mg/L, ending slightly below the 

NOEC-STP. Obtaining a detailed sorption isotherm was beyond the scope of our study. 

Since the data acquired allowed for a reasonably realistic estimate of the sorption affinity, 

we therefore decided not to perform a second measurement series. 
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Figure 6.1 Biodegradation of aniline by itself and in combination with different concentrations of 
CTAB, measured using the automated OxiTop respirometer assay, to determine the no observed effect 
concentration of CTAB. Fitted curves based on 360 measurements; dotted lines represent the 95% 
confidence bands for each curve, fitted using a four parameter variable slope agonist/response model; the 
dotted line at 60% indicates the required level to satisfy one of the conditions for ready biodegradability. 
The curve of CTAB 24 mg/L lies on the X-axis as no mineralization to CO

2
 was measured.
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Figure 6.2 CTAB isotherms for sorption to SiO
2
 (left) and illite clay (right); symbols have been color coded 

to relate them with associated sorbent concentrations; open symbols for SiO
2
 are to distinguish between 

the first (open symbols) and second (closed symbols) series

The data indicate a K
sorbent-water

 of 8130 L/kg, about 4.5 times higher than for SiO
2
. Interestingly, 

the calculated sorption coefficient of CTAB to illite clay is in agreement with predicted K
illite-

water
 based on a cation exchange model proposed by Droge & Goss in 2013 [177]. Applying 
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eq.2 for (i) the recommended concentration of 16.8 mg/L in the OECD Headspace test 

[A
toxicant, safe

], (ii) the NOEC-STP of 0.3 mg/L [C
aq,safe

], in (iii) the volume of medium applied (0.1 

L) [V
water

], and (iv) the derived sorption coefficients [K
sorbent-water

], suggests required sorbent 

concentrations of 31.1 g SiO
2
/L and 7 g illite/L.

CTAB biodegradation in Headspace Test without sorbent

Abiotic controls showed stable (<2% variation) concentrations of [14C]CTAB throughout 

the 35 d incubation period, providing a mass balance reference. Adequate inoculum 

activity was demonstrated in the benzoate controls (Figure S2), also in the presence of 

sorbents; 80-90% biodegradation within 7 d for controls without sorbent and with SiO
2
. 

Results for illite clay, however, surprisingly reached 250% biodegradation. We suspect IC 

release from clay particles might be the cause for this, as clay minerals are known to 

sorb CO
2
 and carbonates [316], and illite clay used in this experiment had not undergone 

any pretreatment. Sorbent controls were included to rule out inhibitory effects of added 

sorbent, which can be considered successful. For the biodegradation test with [14C]CTAB, 

possible release of IC from illite clay should have no impact, since [14C]CO
2
 will be analyzed.
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Figure 6.3 CTAB biodegradation profile with sorbent concentrations resulting in sorbed fractions of 
~90% (3 g/L SiO

2
 - squares; 1 g/L illite –diamonds), compared to controls without sorbent (control – 

circles); the dotted line at 60% indicates the required level to satisfy one of the conditions for ready 
biodegradability; biodegradation (%) is calculated by comparing radioactive CO

2
 with total applied 

radioactivity, and was fitted using a four parameter variable slope agonist/response model
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Figure 6.4 CTAB biodegradation profile with sorbent concentrations resulting in sorbed fractions of 
~99% (30 g/L SiO

2
 - squares; 10 g/L illite –diamonds), compared to controls without sorbent (control 

–circles); the dotted line at 60% indicates the required level to satisfy one of the conditions for ready 
biodegradability; biodegradation (%) is calculated by comparing radioactive CO

2
 with total applied 

radioactivity, and was fitted using a four parameter variable slope agonist/response model

The high rate of biodegradation at 16.8 mg/L CTAB (Figure S3, also visible in Figure 6.3 

and 4) was unexpected in comparison with the results of the NOEC-STP determination 

(Figure 6.1). After at least a 7-d lag phase, measurements from Day 14 onwards show 

biodegradation of ~60%. This suggests CTAB was actually not inhibitory in the current 

experiment, whereas previously 8.0 mg/L strongly reduced biodegradation of aniline, and 

24 mg/L caused full inoculum knockout (Figure 6.1). These differences might be partially 

explained by several factors. Firstly, while CTAB impacted microorganisms that degrade 

aniline in the toxicity tests, it may be that microorganisms able to convert CTAB are different 

species, less sensitive to CTAB. Secondly, inoculum in the toxicity test was obtained from the 

same source (BSTW), but sampled at a different time point, and activated sludge samples 

are known to lack in reproducibility [317]. Thirdly, different vessels and volumes were used, 

which may result in different fractions sorbed to glass surfaces, although the mass-balance 

(see Figure 6.5) indicates only a minute fraction of [14C]CTAB was actually sorbed to the 

glass surface on Day 22. Fourthly, the manometric respirometry method can be a less 

direct assessment of biodegradation, since CO
2
 might be present in the aqueous phase as 

carbonate while gaseous CO
2
 does not react with the KOH instantaneously. Nonetheless, 

the CTAB concentration that would inhibit microbial activity was underestimated, so 

full toxicity mitigation of CTAB cannot be investigated with the current data. However, 
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the sorbent–modified biodegradation studies focus on lag phase delay instead and are 

informative on the effect of bioaccessibility.
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Figure 6.5. Day 22 mass balance, determined based on mean of three samples. Glass extract accounts 
for <0.6% of total

CTAB biodegradation in Headspace Test with additions of SiO2 or illite clay

Sorbent levels were chosen to yield freely dissolved CTAB concentrations slightly below and 

somewhat above the NOEC-STP of 0.3 mg/L. Based on the obtained K
sorbent-water

 values, the 

3 and 30 g/L SiO
2
 or 1 and 10 g/L illite applied in the Headspace Test currently performed 

resulted in respective sorbed fractions of 84.5% and 98.2% for SiO
2
 and 89.0% and 98.8% 

for illite, and respective freely dissolved CTAB concentrations of 2.6 and 0.3 mg/L for SiO
2
, 

and 1.9 and 0.2 mg/L for illite.

Figure 6.3 shows the biodegradation profile of CTAB with low concentrations of the 

two sorbents. Although it was expected this would still result in moderately inhibitory 

effects based on the toxicity test with aniline, biodegradation was already initiated on 

Day 3, and was >40% within 7 d. On Day 7 IC production in controls without sorbent was 

<5%, indicating that sorbent additions shortened the lag phase and had a positive effect 

on inoculum activity. During the last three weeks no differences between controls and 

sorbent treated groups were observed. This would suggest that the freely dissolved CTAB 

concentrations in the low sorbent concentration treatments were non-inhibitory to the 

inoculum fraction responsible for degradation of CTAB.
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Results of the high sorbent concentration (30 g/L SiO
2
 and 10 g/L illite clay) are presented 

in Figure 6.4. Dissolved CTAB concentrations below the NOEC-STP were expected. Just 

as with the lower sorbent concentration treatments, the lag phase was shorter in the 

sorbent groups, with an average biodegradation after 7 d of 25% for SiO
2
 and 14% for illite, 

compared to <5% in the controls. However, whereas the lower sorbent concentrations 

reached approximately 60% between Day 7 and 10, the higher sorbent concentration 

treatments showed a slower biodegradation rate between Day 7 and 21. For both sorbent 

treatments, CTAB biodegradation leveled off at 60%. Graphs showing all measurement 

points can be found in figure S8 and S9.

The shorter lag phase in all sorbent groups is indicative of mitigation of moderately 

inhibitory effects of the applied CTAB concentration. The slower increase of biodegradation 

in high concentration sorbent treatments compared to lower concentration treatments 

(See also Figure S4 and S5) could be explained by larger sorbed fractions that need to fully 

desorb in order to reach the inoculum and be biodegraded, which makes bioaccessibility 

the rate-limiting factor. In high concentration sorbent groups freely dissolved fractions 

were considerably smaller (1.8% with 30 g/L SiO
2
 and 1.2% with 10 g/L illite clay) than in 

the low concentration sorbent treatments, requiring a higher flux of CTAB from sorbent 

to medium in order to maintain a constant freely dissolved concentration assuming a 

fixed biodegradation rate. Note that the amount of CTAB freely dissolved in the high 

concentration sorbent treatments was < 2% of that available in the control group without 

sorbent, although the freely dissolved concentration is likely maintained more rapidly at 

higher sorbent loadings.

Comparing concentrations of both sorbents, it becomes clear that bioaccessibility of CTAB 

is mainly shaped by sorption affinity of CTAB, not by nature or morphological structure of 

these sorbents. Orbital shaking sufficiently suspends Illite particles, maximizing interaction 

between inoculated mineral medium and sorbent particles, while SiO
2
 can form a gel-like 

precipitate. Although this gel is hydrated, interaction with the inoculum suspended in the 

mineral medium is presumably smaller than for fully suspended illite clay. However, both 

sorbent types show similar kinetics at comparable sorbed fractions, indicating that in 

SiO
2
 treatments inoculum activity may have been concentrated on the settled particles.
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CTAB mass balance in the Headspace Test

Sorbent containing vessels sampled on Day 22 were used to determine a mass balance 

(see Figure 6.5). Average mass balance was >90% for all treatment conditions, although 

two of the twelve vessels sampled scored slightly lower (89.6% and 89.2%). Since complete 

oxidation of samples containing biomass and sorbent was not expected, this was 

considered to be an excellent mass balance. Measured freely dissolved CTAB in the low 

concentration sorbent treatments was in the same order of magnitude as calculated using 

sorption coefficients, which was also true for the high concentration of illite. However, for 

unknown reasons the high concentration of SiO
2
 showed freely dissolved CTAB comparable 

to the low concentration of SiO
2
. This might be due to the formation of silica gel at high 

sorbent loading, while at low SiO
2
 concentration a higher percentage of sorbent remained 

in suspension.

Amounts extracted from inside glass surfaces of vessels with sorbent were generally 

<1% (see also Table S1), although this fraction is significant when compared with the 

freely dissolved concentration, with which it should theoretically be in equilibrium. For 

vessels with SiO
2
, the average amount of CTAB extracted from glass vessels accounted for 

approximately 5% of the freely dissolved amount. These percentages were 8% and 39% 

for 1 g/L and 10 g/L illite clay, respectively. However, freely dissolved concentrations were 

a factor 3 and 10 lower, respectively, while absolute amounts of CTAB extracted from 

glass vessels were comparable. Overall, glass binding was lower than what was expected 

based on previous work [257], although results are within the same order of magnitude.

Combustions of the sorbent indicated that significant portions of CTAB were still sorbed 

on Day 22 (~23% for both low sorbent concentrations, ~34% for 30 g/L SiO
2
 and ~44%% 

for 10 g/L illite), while for low sorbent concentrations ~67% was already biodegraded. 

This raises the question if this sorbed fraction is bioaccessible or if it represents a strongly 

or irreversibly sorbed, or perhaps a microbially incorporated fraction of the radiolabeled 

carbon [318, 319]. Combustion of sorbent samples was difficult and it is therefore plausible 

that actual sorbed fraction (and therefore the mass balance) would turn out higher if a 

more thorough extraction method would have been available. Interestingly, for one 10 

g/L vessel sorbent was divided in smaller aliquots over a larger number of combustion 

cones. This sample showed ~8% higher recovery than its replicate samples and the highest 

recovery from sorbent overall (~58%), indicating that more extensive subsampling could 

increase recovery of sorbent combustion and improve mass balance. We have provided 
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a comparison between mass balance on Day 22 with sorbent combustion and on Day 35 

without sorbent combustion in figure S6, illustrating the likelihood of a >90% mass balance 

at the end of the experiment.

Conclusion

CTAB met the criteria for ready biodegradability without sorbent, which signifies the 

relevance of reducing the lag phase through addition of inert sorbent. The most important 

element of this study was verifying that with a balanced amount of sorbent, unlabeled 

CTAB and carbon analysis could have been used to test biodegradability at freely dissolved 

concentrations below the NOEC-STP. It has been clearly demonstrated that CTAB inhibits 

inoculum activity by different metrics, such as impact on biodegradation of the reference 

substrate aniline, a significant lag phase in the current Headspace Test (which decreased 

after addition of sorbent), and absence of biodegradation in literature [311]. Findings 

presented in this chapter clearly illustrate that addition of inorganic sorbents can potentially 

mitigate toxicity of a broad range of well-adsorbing compounds in the Headspace Test. 

A stepwise approach was followed where NOEC-STP and sorption affinity of the test 

compound were determined first, in order to calculate the amount of sorbent needed 

to keep a specific concentration of test chemical below the NOEC-STP. Results suggest 

that 1 g/L illite clay, resulting in an initially sorbed fraction of 89% and freely dissolved 

CTAB concentrations a factor 2 above the NOEC-STP, provided adequate bioaccessibility 

for a successful ready biodegradability classification. However, sorbent dosing resulting 

in initially sorbed fractions of ~99%, and corresponding bioavailable concentrations 

below the NOEC-STP, may have resulted in retardation of biodegradation rate by 

decreasing bioaccessibility. Future research might benefit from more closely elucidating 

the desorption kinetics, apparent bioaccessibility, and biodegradation kinetics at various 

sorbent and substrate concentrations. Using [14C]CTAB we confirmed mass balance >90% 

after 3 weeks of exposure with mitigating sorbents, and identified that 20-60% of [14C]

CTAB-related ‘material’ was still sorbed to sorbent after 22 d, while 40-70% was already 

fully mineralized. Minor freely dissolved fractions and negligible sorption to glass surfaces 

were confirmed. Table 6.1 summarizes the biodegradability classification of CTAB under 

different conditions in the current study. Addition of an amount of sorbent sufficient to 

reduce inhibitory effects of CTAB to the inoculum had a significant impact on satisfying 

the 10-d window criterion. This is an important finding, since satisfying the criteria for ready 

biodegradability has significant consequences for environmental risk assessment and it is 
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therefore important that readily biodegradable compounds are not incorrectly labelled as 

poorly biodegradable and vice versa.

Table 6.1. Classification of biodegradability of CTAB (tested at 16.8 mg/L) based on results obtained in the OECD 
310 Headspace Test presently performed.

Conditions Classification Remarks

no sorbent Readily biodegradable Lag phase >7 d; 14 d to reach 60%

SiO
2
 3 g/L Inherently biodegradable Lag phase <3 d; 16 d to reach 60%

SiO
2
 30 g/L Inherently biodegradable Lag phase <3 d; 23 d to reach 60%

illite 1 g/L Readily biodegradable Lag phase <3 d; 9 d to reach 60%

illite 10 g/L Inherently biodegradable Lag phase 3-7 d; 23 d to reach 60%

The Argiletz illite clay, sold as “cosmetic green clay”, was available relatively cheap in large 

volumes in powdered form, making it directly suitable as adsorbent for (labelled) cationic 

surfactants in biodegradation studies. However, care should be taken with this material 

when using IC analysis, since the IC signal from the reference substrate reached 250% of 

theoretical maximum IC production. Finally, the use of automated OxiTop respirometer assay 

in the toxicity tests, where we demonstrated that CTAB affected the biodegradation of 

the reference substrate aniline, showed to be a promising efficient tool in biodegradability 

studies. It lacks the need of sacrificial sampling, reducing sample load and associated lab 

work, and provided detailed time profiles of all vessels tested for each condition. The use 

of toxicity mitigating adsorbents and such automated respirometer samplers may become 

even more valuable, expressed in time/cost-efficiency and relevance in biodegradation 

studies, for cationic surfactants that have a higher intrinsic toxicity to inoculum, and for 

which no radiolabeled compounds are available. The two sorbents employed during this 

work resemble sorbing surfaces encountered by sewage when traveling from the point 

of discharge to the sewage treatment plant, during treatment at the plant itself, and if 

inadvertently entering the environment. Therefore, the concept of toxicity mitigation is 

ecologically relevant, can be translated to environmental settings, and should be deemed 

permissible in biodegradability studies.
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Figure S1. Results for the negative control in the manometric respirometry experiment. There was no 
oxygen consumption in the negative control
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Figure S2. Results of the positive control in the 28d Headspace test. Without sorbent the reference item 
is >80% biodegraded is 14 days. Furthermore, SiO

2
 as well as illite clay do not have a negative impact.
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Figure S3. Biodegradation in the control without sorbent (28d Headspace test); biodegradation (%) 
is calculated by comparing radioactive CO

2
 with total applied radioactivity, and was fitted using a four 

parameter variable slope agonist/response model. CTAB satisfied the criteria for ready biodegradability. 
The high biodegradation of CTAB was somewhat unexpected based on the results of the 14d study of 
aniline degradation in the presence of CTAB.
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Figure S4. Comparison between low (light squares) and high (dark squares) concentration of SiO
2
, 

showing that the initial rate of biodegradation is slightly lower with a tenfold higher amount of SiO
2
 

added; biodegradation (%) is calculated by comparing radioactive CO
2
 with total applied radioactivity, 

and was fitted using a four parameter variable slope agonist/response model
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Figure S5. Comparison between low (light diamonds) and high (dark diamonds) concentration of illite 
clay; biodegradation profile is different and slower with a tenfold higher amount of illite clay added; 
biodegradation (%) is calculated by comparing radioactive CO

2
 with total applied radioactivity, and was 

fitted using a four parameter variable slope agonist/response model
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It is reasonable to assume sorbent combustion on Day 35 would have led to a mass balance of >90%.
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Figure S8. Graph including the raw measurement data; dotted lines are the plots as shown in Figure 6.3.
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Figure S9. Graph including the raw measurement data; dotted lines are the plots as shown in Figure 6.4.

Table S1: Glass vessels were extracted on each sampling day. Average sorption of CTAB to glassware is 
presented below; SD = standard deviation. The general trend is low glass binding (<1%) in vessels with sorbent. 
Measurements in the control without sorbent generally show higher glass binding, while measurements in 
the control without inoculum show a consistent increase in glass binding over the course of the experiment.

Day No sorbent SiO2 (3 g/L) SiO2 (30 g/L) Illite (1 g/L) Illite (10 g/L) No inoculum

Glass 

sorbed
SD

Glass 

sorbed
SD

Glass 

sorbed
SD

Glass 

sorbed
SD

Glass 

sorbed
SD

Glass 

sorbed
SD

0 2.0% 0.1 8.2% 2.4 1.3% 0.3 0.8% 0.3 0.5% 0.2 2.0% 0.1

3 1.2% 0.2 0.8% 0.2 3.0% 1.1 1.0% 0.6 2.9% 0.1

7 3.9% 0.2 0.6% 0.4 0.6% 0.2 0.5% 0.5 0.1% 0.0

10 0.9% 0.1 0.5% 0.0 1.5% 0.3 0.6% 0.1 4.0% 1.1

14 0.9% 0.0 0.5% 0.1 0.3% 0.0 0.2% 0.0 0.1% 0.0

17 0.5% 0.2 0.2% 0.0 0.1% 0.0 0.1% 0.1 4.5% 0.7

22 0.4% 0.0 0.3% 0.1 0.4% 0.2 0.2% 0.0 0.3% 0.2

24 0.5% 0.1 0.3% 0.1 0.3% 0.1 0.1% 0.0 4.8% 0.3

28 5.2% 4.2 1.1% 0.6 1.3% 1.5 0.2% 0.1 0.1% 0.1

35 2.2% 0.6 0.3% 0.0 0.2% 0.0 0.3% 0.0 0.1% 0.0 5.2% 0.2

6
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Graphical Abstract

Abstract

Biodegradability studies for the cationic surfactant cetylpyridinium chloride (CPC) are 

hampered by inhibitory effects on inoculum at prescribed test concentrations (10-20 

mg C/L). In this study, we used 14C labeled CPC in the 28 d Headspace Test (OECD 310) 

and demonstrated that CPC was readily biodegradable (10->60% mineralization within 

a 10 day window) at test concentrations 0.006 - 0.3 mg/L with CPC as single substrate. 

Biodegradation efficiency was comparable over this concentration range. CPC inhibited 

degradation at 1 mg/L and completely suppressed inoculum activity at 3 mg/L. In an 

extensive sorbent modified biodegradation study we evaluated the balance between CPC 

bioaccessibility and toxicity. A non-inhibitory concentration of 0.1 mg/L CPC was readily 

biodegradable with 83% sorbed to SiO
2
, while biodegradation was slower when 96% was 

sorbed. SiO
2
 mitigated inhibitory effects of 1 mg/L CPC, reaching >60% biodegradation 

within 28 d; inhibitory effects were also mitigated by addition of commercial clay powder 

(illite) but this was primarily reflected by a reduced lag phase. At 10 mg/L CPC SiO
2
 was 

still able to mitigate inhibitory effects, but bioaccessibility seemed limited as only 20% 

biodegradation was reached. Illite limited bioaccessibility more strongly and was not able 

to sustain biodegradation at 10 mg/L CPC.
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Introduction

Environmental risk assessment compares likely exposure scenarios with associated 

hazards. Assessment of the overall hazard profile of a chemical includes information on 

persistency, bioaccumulation potential and toxicity, combined with available information 

on actual environmental exposure levels. For most chemicals, persistency depends largely 

on microbial biodegradation rates ultimately resulting in full mineralization to inorganic 

carbon (IC) [320]. For many chemicals biodegradation by microbial communities present 

in sewage sludge is the major process to reduce environmental exposure levels. Measuring 

biodegradation is complicated for chemicals that are toxic to the inoculum at required 

testing levels [321], and for highly sorptive chemicals with insufficient bioaccessibility 

[322, 323]. Certain cationic surfactants combine these properties: relatively toxic to 

microorganisms, with several being used as biocides or antiseptics, and adsorptive 

properties due to favorable electrostatic and hydrophobic interactions with sorbents [24, 

43, 324-327]. Specific microbial strains capable of metabolizing these surfactants have 

been identified [328].

Metabolites resulting from the primary degradation of most cationic surfactants can 

be identified using liquid chromatography/mass spectrometry on aqueous samples 

from a biodegradation study, but formation of metabolites provides limited evidence 

for complete mineralization potential. Therefore, most standardized biodegradation test 

methods aim to measure complete mineralization using e.g. standard IC analysis [140]. 

However, to generate IC levels significantly above inoculum background IC production, 

recommended test concentrations are 10-20 mg organic carbon/L (mg
C
/L) [139, 140]. For 

14C-radiolabeled substrates, mineralization to 14C-CO
2
 can be detected at much lower (<1 

µg/L) and potentially non-inhibitory test concentrations, but labeled compounds are 

expensive and not readily available.

Recently, we evaluated biodegradability of the cationic surfactant cetyltrimethylammonium 

bromide (CTAB), spiking potentially inhibitory concentrations with introduction of 

mitigating adsorbents silicon dioxide (SiO
2
) and illite [329]. The concept of toxicity mitigation 

of CTAB while maintaining adequate bioaccessibility was also demonstrated in the OECD 

310 ring test and other studies [140, 145, 146]. However, in our recent study there were 

indications that higher adsorbent doses limited bioaccessibility, reducing biodegradation 

efficiency [329]. This is in agreement with studies suggesting ultimate biodegradability 

of surfactants and polycyclic aromatic hydrocarbons is determined by desorption rates 

7
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[152, 330]. In the current study, we aimed to further elucidate the balance between 

toxicity, bioavailability and bioaccessibility using cetylpyridinium chloride (CPC). CPC is a 

common antiseptic, and is also used in various organoclay processes [331-334], and as a key 

component of ionic liquids [335, 336]; and detectable levels are present in the environment 

[337]. CPC has been widely studied: a search for literature with ‘cetylpyridinium’ as keyword 

in Scopus resulted in 4385 hits (March 2019). However, no studies on ready biodegradability 

of CPC were identified, although in a recent study Nguyen & Oh explored the removal 

by and impact on activated sludge of environmentally relevant levels of CPC [338]. Ready 

biodegradability of the structurally related surfactant benzalkonium chloride received 

more attention [154, 326, 339].

The first aim was to determine whether 14C-labeled CPC (14C-CPC) was readily biodegradable 

(definition in Supporting Information) by sewage treatment plant (STP) inoculum in a 

standard 28 d Headspace Test [140]. Since ready biodegradability experiments are very 

stringent, compounds that pass will likely be degraded rapidly under environmental 

conditions. Hence, it is desirable for high production volume chemicals to be classified as 

readily biodegradable, as they will not be persistent. The second aim was to determine 

whether biodegradation efficiency with CPC as a single source of carbon had a threshold 

level in the non-inhibitory µg/L range [340, 341]. With the knowledge that CPC was 

toxic at concentrations below the recommended 10 mg
C
/L spiking level, we then 

explored biodegradation efficiency enhancement of a mixture of labelled and non-

labelled surfactant through addition of sorbent. Based on the premise that increased 

sorbent levels reduce bioavailable concentrations, we also aimed to define under which 

conditions bioaccessibility could become rate limiting. Systematic series of biodegradation 

studies were performed with addition of two inert inorganic sorbents (SiO
2
 and illite) 

at different surfactant spiking levels (non-inhibitory, inhibitory, ~10 mg
C
/L). This should 

clarify whether a biodegradation study following a stepwise sorbent addition approach 

(determine inhibitory threshold concentration, sorption studies, perform sorbent modified 

biodegradation test) has applicability boundaries or is applicable to multiple potentially 

inhibitory cationics. It should be noted that the methods proposed were specifically 

designed to remain within the boundaries of OECD Guidelines. Ultimately, this should 

lead to a defensible decision regarding biodegradability of surfactants under more realistic 

field conditions where sorptive substrates are available, e.g. sand and sludge itself in a STP, 

contaminated sediment, or soil on which sewage sludge is applied. In addition, it would 

be more relevant to employ test item concentrations close to the predicted environmental 
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concentration; recommended test concentrations are generally unrealistically high and 

proposed matrices lack sorptive substrates.

Materials and Methods

Chemicals and Sorbents

CPC (M
w
 340 g/mol), sodium benzoate (reference substrate), silicon dioxide (SiO

2
; Davisil 

Grade 633, particle size 35-75 µm, surface area 480 m2/g), and buffer salts were analytical 

grade and obtained from Sigma-Aldrich (Gillingham, Dorset, UK). Illite (fine powder; Argiletz, 

France), was comparable as in related sorption studies with surfactants [177, 342]. Potassium 

hydroxide (KOH), sodium hydroxide (NaOH), sulfuric acid (H
2
SO

4
) and trifluoroacetic acid 

(TFA) were analytical grade (Sigma-Aldrich). Scintillation cocktails (Hionic-Fluor, Pico-Fluor 

Plus, Permafluor E+), Carbosorb, and combustion cones for the sample oxidizer (Packard 

Model 307) were purchased from PerkinElmer (Seer Green, Beaconsfield, UK).

14C-CPC was obtained from Quotient Bioresearch Ltd. (Cardiff, UK); the molecule contained 

two 14C-atoms within the pyridinium, which is likely the last moiety to be biodegraded. 

Radiochemical purity was 99.8% (Radio-HPLC). A 20.62 mg/L 14C-CPC stock solution was 

prepared in acetone; concentration was confirmed by LSC (TriCarb 2810TR, PerkinElmer). 

Higher concentrations were prepared by supplementing with unlabeled CPC; formation 

of 14C-CO
2
 is a proxy for total mineralization.

Inoculum

Activated sludge was obtained from Broadholme Sewage Treatment Works (BSTW; 

Ditchford Road, Wellingborough & Irthingborough, UK). The BSTW treats sewage from 

approximately 80,000 households and <15% of the organic load is attributable to industrial 

discharge [315]. Sludge was treated as described previously [329]. Suspended solids 

concentration of activated sludge was 5±1 g/L; filtered supernatant after centrifugation 

was used as inoculum.

7
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Sorption Test

Three doses of illite and SiO
2
 (0.80, 4.0 and 20 g/L) were exposed to three concentrations 

of 14C-CPC (13.5 mg/L, 1.35 mg/L, and 135 µg/L) in 20 mL borosilicate vials (PerkinElmer), 

and placed overnight on a roller mixer at 30 rpm (Thermo Fisher Scientific, Waltham, 

MA, USA), at room temperature. Control vials without sorbent were also prepared. All 

vials were centrifuged at 2,400 g for 30 min, followed by visual inspection for absence 

of suspended particles and sampling of three 2 mL aliquots of supernatant. Kerr et al. 

successfully applied centrifugation combined with LSC to determine sorption coefficients 

using radiolabeled cationic surfactants of comparable alkyl chain length (CTAB), sorbed 

to activated sludge [343]. Concentration of 14C-CPC was determined by LSC, followed by 

calculation of sorbed amounts by assuming 100% - supernatant = sorbed amount; possible 

sorption to glassware was disregarded as affinity for sorbent is theoretically much higher 

and the aim was to provide an estimated sorption coefficient. Measurements were used 

to fit linear sorption isotherms and calculate sorption coefficients.

Preparation of Headspace Test

The OECD 310 Guideline was used to design the biodegradation experiments performed 

[140], as outlined in more detail in the Supporting Information. In brief, 14C-CPC was added 

to 50 mL mineral medium in 125 mL borosilicate glass serum bottles containing appropriate 

amounts of sorbent. Vessels were left standing for 2 h to allow CPC to equilibrate between 

medium and sorbent. Thereafter, 50 mL of mineral medium containing 20 mL/L of 

inoculum was added to all test vessels, resulting in a 64 mL headspace and an inoculum 

concentration of 10 mL/L. Vessels were incubated under orbital shaking (100 rpm) in HT 

Multitron incubators (Infors AG, Bottmingen, Switzerland) at 22.0±1.0 °C.

Sodium benzoate (C
7
H

5
O

2
.Na) was used as reference substrate at a concentration of 17 

mg/L, corresponding with ~10 mg
C
/L. After incubation bottles were injected with 1 mL 

7 M NaOH and shaken for 60 min, after which contents of each bottle were divided over 

three 20 mL vials. Benzoate biodegradation was quantified by triplicate IC measurements 

on a TOC-V total organic carbon analyzer (Shimadzu Ltd., Milton Keynes, UK). IC in 

blanks was subtracted from IC in test vessels to control for background IC production. 

Biodegradation was determined by comparing IC production with organic carbon in the 

spiked concentration.
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Biodegradation Studies without Sorbent

Six 14C-CPC concentrations (6.0-3,000 µg/L) were tested without sorbent to assess influence 

of freely dissolved concentration (C
free

) on biodegradability. This also allowed determination 

of a non-inhibitory effect concentration for STP inoculum (NIEC-STP). Three concentrations 

(6, 25, and 300 µg/L) were sampled at seven time points (see Table S1), which was sufficient 

to assess kinetics and presence of inhibitory effects. Ten and eight time points (see Table S1) 

were prepared in duplicate for 100 µg/L and 1.0 mg/L, respectively. These concentrations 

were tested in more detail since they were the nominal concentrations to be added in the 

experiments with sorbent. Based on inconclusive replicates at high test concentrations 

in previous work [329] and the expectance of full inoculum knockout at 3 mg/L, twelve 

replicates were prepared to be sampled on Day 28. Upon sacrificial sampling, vessels were 

injected with 1 mL of 7 M NaOH and further treated as described previously.

Biodegradation Studies with Sorbent

For sorbent modified biodegradation series two different sorbents were used (SiO
2
 and 

illite) at doses of 0.8, 4.0 and 20 g/L. Only SiO
2
 was employed at 100 µg/L CPC, as SiO

2
 was 

the chosen sorbent in literature [145, 146]. For the 1 mg/L CPC treatment both sorbents 

were applied to assess suitability of illite and to allow comparison with SiO
2
 at this inhibitory 

concentration. At 10 mg/L CPC only the highest sorbent dose was tested, based on 

sorption coefficients and expected NIEC-STP. Before sampling, designated vessels were 

injected with 1 mL of 7 M NaOH and further treated as described previously. Benzoate 

controls were incubated at three concentrations of SiO
2
 to evaluate sorbent effects on 

inoculum activity; due to a significant IC content (1.7%) illite was not suitable for use with 

standard IC analysis and could not be tested with benzoate.

Detection and Analysis of 14C-CPC

After shaking with NaOH (60 min), vessels were left standing for 5 min to settle suspended 

sorbent. Six 3 mL aliquots were sampled; 1 mL of 4 M H
2
SO

4
 (sulfuric acid) was added to 

three aliquots. These acidified samples were left uncapped in a fume hood overnight to 

vent off CO
2
. Mineralization, calculated from the difference between alkaline (containing 

14CO
2
) and acidified (without 14CO

2
) samples, was then compared with applied radioactivity 

to calculate biodegradation percentages. 14C-CPC potentially sorbed to the glass surface 

was extracted. Vessels were emptied after sampling, while shaken vigorously if necessary 

7
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to re-suspend and pour out residual sorbent. Vessels still containing visible amounts of 

sorbent were quickly rinsed twice with 5 mL MilliQ. A 5 mL aliquot of washing solution 

(0.1% TFA in 90/10 MeOH/MilliQ v/v) was added, after which vessels were capped and put 

on a roller mixer (Thermo Fisher Scientific) at 30 rpm for 150 min. This extract was collected 

in a 20 mL liquid scintillation vial. All samples were prepared for LSC by adding 16 mL of 

Hionic-Fluor followed by forceful shaking for 5 seconds.

Mass Balance

The contents of all Day 7 vessels without sorbent (0.1, 1.0 and 10 mg/L CPC) were filtered 

under vacuum using 100 mm Whatman GF/C filters. This was repeated for all vessels 

sampled on Day 28. Sorbent was flushed onto the filter by rinsing vessels twice with 5 mL 

MilliQ. Filters were carefully placed on marked pieces of aluminum foil, which were left 

overnight in a fume hood to dry and were subsequently analyzed by combustion. Filter 

residue was distributed over multiple cellulose combustion cones, after which the emptied 

filters were divided over two combustion cones. Shortly before combustion the contents 

of every combustion cone were enriched with 100 µL analytical grade hexadecane to 

increase combustion temperature and efficiency. CO
2
 formed during combustion was 

trapped in ~5 mL Carbo-Sorb E, which was mixed with 7 mL Permafluor E+ and 8 mL Pico-

Fluor to prevent quenching, which was observed during a trial run and was likely caused 

by soot particles in the samples. LSC measurements of alkaline samples, glass extracts, and 

combusted samples were used to determine the mass balance; control vessels without 

inoculum served as 100% reference.

Statistics

Curves presenting biodegradation results were fitted using the ‘[Agonist] vs. response – 

Variable slope (four parameters)’ model included with GraphPad Prism 7.04 for Windows.
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Results and Discussion

Biodegradation Studies without Sorbent

BSTW inoculum was shown to be of adequate activity using a positive control with 

benzoate. Results after 4 d and 7 d of incubation indicate >80% biodegradation in all 

vessels (Figure S1). This confirms that SiO
2
 has no negative impact on inoculum activity. 

Rapid biodegradation without apparent lag phase was observed for the three lowest CPC 

concentrations (Figure 7.1), reaching >30% biodegradation after 4 d, >60% biodegradation 

within 10 d, and a maximum biodegradation of 70-80%, satisfying the criteria for ready 

biodegradability. Biodegradation at 300 µg/L was slightly slower and failed to meet the 

criteria for ready biodegradability, although >60% biodegradation was reached after 18 d. 

Larger differences in biodegradation efficiency became apparent at 1 mg/L, with a three-

week lag phase and some inconsistency between replicates in further measurements, 

especially on Day 21. At 1 mg/L, an average biodegradation of 40% was reached after 25 d. 

Only two of the twelve 3 mg/L replicates showed >5% biodegradation after 28 d. This not 

only reflects the strong inhibitory effect of CPC at this concentration, but simultaneously 

illustrates that results obtained in this kind of biodegradability experiments can be variable. 

Even at inhibitory test item concentrations significant biodegradation can occasionally 

occur in individual replicates.
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Figure 7.1. (A) CPC biodegradation without sorbent. Single replicates for 6, 25, and 300 µg/L. Duplicates 
for 0.1 and 1 mg/L (averages + error bars). Twelve 3 mg/L replicates were sampled after 28 d. (B) Influence 
of SiO

2
 on biodegradation at non-inhibitory CPC concentration (0.1 mg/L).
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Overall, results indicate CPC induced inoculum inhibition at 1 mg/L with partial recovery in 

the fourth week. There is complete inoculum knock-out at 3 mg/L, while signs of inhibition 

were already apparent at 300 µg/L. The NIEC-STP of CPC was 100 µg/L, at least 100 times 

lower than recommended concentrations in most ready biodegradability studies [139, 140]. 

Inconsistent replicates in 1 and 3 mg/L groups are likely caused by inoculum heterogeneity 

and variability in developmental rate of micro-organisms capable of degrading CPC. 

Optimal toxicity mitigation can be achieved by assessing the NIEC-STP, as this allows 

estimating the amount of sorbent needed to reduce freely dissolved concentrations (C
free

) 

to non-inhibitory levels, especially if data on sorbent affinity is available or determined 

experimentally.

Sorption Coefficients

Isotherms for sorption of CPC to SiO
2
 and illite were plotted with a fixed slope of 1 (Figure 

7.2), as sorption is expected to be linear at concentrations well below the cation-exchange 

capacity (CEC) [177, 285, 344]. Two independent experiments using SiO
2
 were in good 

agreement; the fitted curve indicates a log K
D
 of 3.5 and spans two orders of magnitude, 

with highest concentration (47 µg/L) close to the NIEC-STP (100 µg/L). Although used 

concentrations were sometimes above this concentration range the K
D
 can still be used 

to predict C
free

, as previous work with a surfactant of comparable alkyl chain length (CTAB) 

demonstrated linear sorption up to 1 mg/L, using the same batch of SiO
2
 (log K

D
 3.3) [329].
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Figure 7.2. Isotherms for CPC sorption to SiO
2
 (left) and illite (right). Symbols correspond with associated 

sorbent dosages and distinguish between a first (open symbols) and second (closed symbols) 
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The isotherm for illite covered a 20-fold concentration range, with highest concentration a 

factor 20 below the NIEC-STP and ~500 times lower than the reported CEC of 288 mmol/kg 

[345]. The calculated log K
D 

of 4.5 was used as a representative sorption affinity; establishing 

a sorption isotherm encompassing all test concentrations was not within the scope of our 

work. Furthermore, this experimentally determined K
D
 (mineral medium; pH 7.4; divalent 

cation concentration ~0.1 mM Mg2+) was in agreement with predicted K
D
 (log 4.18) based 

on a cation-exchange model for C
x
H

y
N+ amines as derived by Droge & Goss (pH 7; medium 

with 5 mM Ca2+) [176]. Measurements of actual C
free

 on Day 0 were used to estimate 

initially sorbed fractions in the biodegradation study. Figure S2 compares measurements 

with predictions based on experimentally determined K
D
, and shows these are in good 

agreement for 1 mg/L groups and at the two highest sorbent dosages in particular.

Bioaccessibility and Biodegradability with Sorbent

At 0.1 mg/L CPC was readily biodegradable without sorbent, as well as with the 

lowest sorbent dose at which ~83% was initially adsorbed (Figure 7.1B). Interestingly, 

biodegradation rates seemed to decrease with increasing sorbent concentration. At 4 

g/L (sorbed fraction ~88%) biodegradation was slower and reached 60% after 21 d. At 20 

g/L (sorbed fraction ~96%; C
free

 ~4 µg/L) biodegradation slowed down further and total 

mineralization after 28 d was half of control, while C
free

 in these vessels was comparable 

to the lowest concentration without sorbent, which showed rapid and extensive 

biodegradation (Figure 7.1A). However, nominal amount of CPC in these vessels was 17 

times higher. This supports the notion of bioaccessibility limitations, with highest SiO
2
 

dose associated with lowest bioaccessibility. Availability of carbon (in the form of CPC) is 

apparently sufficient to maintain degrading microorganisms, but might be insufficient to 

allow for the exponential growth necessary to degrade all CPC within 28 d.

7
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Results observed with 1 mg/L CPC were different than those obtained with 0.1 mg/L CPC. 

As discussed previously, controls without sorbent showed a three-week lag phase (Figures 

7.1A, 7.3A and 7.3B), indicating inhibitory effects. This lag phase was strongly reduced with 

SiO
2
 as mitigating sorbent. All three SiO

2
 doses show comparable results during the last 

two weeks of the experiment (Figure 7.3A), with 60-70% of CPC mineralized. Apparently, 

at these concentrations CPC was sufficiently bioaccessible to allow exponential growth 

of CPC-degrading microorganisms. The delayed onset of biodegradation at 20 g/L SiO
2
 is 

indicative of lower bioaccessibility initially impairing exponential growth. During the first 

three weeks a number of replicates at 0.8 g/L showed lower biodegradation. This suggests 

inhibitory effects still might occur at relatively high C
free 

associated with the lowest sorbent 

concentration (sorbed fraction ~85%, reducing C
free

 to 150 µg/L, a factor 1.5 above the 

NIEC-STP). Overall, these results support the hypothesis that SiO
2
 is a suitable sorbent to 

mitigate inhibitory effects of CPC, although at a concentration below the 10-20 mg
C
/L 

recommended for IC analysis.

As shown in Figure 7.3B, results with illite differed from those discussed for SiO
2
. Highest 

biodegradation levels were observed at the lowest sorbent concentration (adsorbed 

fraction ~93%), with decreasing biodegradation for increasing sorbent concentrations. 

While equal doses of illite and SiO
2
 had been used, C

free
 will be significantly lower because 

of the 10 times higher sorption affinity to illite (Figure 7.2). However, despite – or perhaps 

because of – lower bioavailable concentrations in the illite treatments, none of the illite 

dosed groups reached >60% biodegradation. Thus, addition of illite did not result in a 

readily biodegradable classification. On average, the highest illite dose (>99.6% adsorbed) 

showed ~10% mineralization after 28 d, six times lower than the respective SiO
2
 treatment.

In the 10 mg/L CPC treatment, in line with Guideline recommendations of 10 mg
C
/L 

[139, 140], sorbents were tested only at 20 g/L, as this high CPC concentration requires 

considerable sorptive capacity to decrease C
free

 below the NIEC-STP. Measurements on 

Day 0 (Figure S2) confirmed that C
free

 was below the NIEC-STP. As shown in Figure 7.3C, 

addition of SiO
2
 results in linear biodegradation with a relatively short lag phase, but at a 

seemingly slow rate compared to the 20 g/L dose at 1 mg/L CPC. However, converted to 

absolute amount of CPC (Figure S5) approximately four times more has been mineralized 

at 10 mg/L than at 1 mg/L. Results for illite show virtually no biodegradation over the 28 d 

period. Since inhibitory effects can be ruled out based on C
free

 of <100 µg/L, this supports 

the bioaccessibility hypothesis.
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Limited biodegradation at high CPC concentrations with high adsorbed fractions 

indicates microbes might not degrade sorbed fractions directly, and require release to the 

aqueous phase for sustenance and exponential growth [340]. It appears that desorption 

and subsequent diffusion can be rate-limiting, whereby influx of chemical substrate is 

insufficient to act as the sole carbon source during exponential growth. Similar findings 

were reported by Scow & Alexander for decreased biodegradation kinetics of phenol by 

Pseudomonas in the presence of spherical kaolinite aggregates, where microbes were 

considered to have limited access to substrate aggregates [346]. Such findings could be 

explained by a diffusion-sorption-biodegradation (DSB) model [346-348]. Ugochukwu 

et al. demonstrated limited substrate bioaccessibility caused by strong sorption/limited 

desorption were using organoclay and other clay additions to influence biodegradation 

rate of crude oil hydrocarbons [349, 350], and Smith et al. found that quinoline sorbed to 

smectite was degraded 30 times slower than dissolved quinoline [351]. Future studies could 

consider accurate desorption or diffusion rate measurements combined with qualitative 

and quantitative measurements of inoculum microorganism development, in order to fit 

experimental data to such DSB models.

Based on a lower degradation rate at 10 mg/L CPC compared to 1 mg/L CPC with similar 

sorbent doses, it can be argued that the flux micro-organisms can handle optimally has 

a (Michaelis-Menten) maximum, a notion supported by Lo et al. in their in vitro research 

using rainbow trout liver enzymes [352]. Micelle formation can be ruled out, as the highest 

CPC concentration applied is still a factor 40 below the critical micelle concentration (~370 

mg/L) [198]. Compared to porous and rapidly settling SiO
2
 particles, which were observed 

to partially form a gel-like precipitate, it was expected that the flat (non-expanding) 

platelet structure and suspensibility of illite would facilitate desorption, thereby enhancing 

bioaccessibility. Contrastingly, our findings indicate SiO
2
 bioaccessibility outperformed 

that of illite. We currently do not have clear explanations for this difference, although 

illite sedimentation was observed at high sorbent loadings. We hypothesize, though, that 

the porous SiO
2
 structure could facilitate microbial growth near pores [353], providing 

benefits from nanoscale distances over which desorption allows for acquiring CPC as 

carbon substrate, although Johnsen et al. suggest a minimum pore size of 200 nm for 

microbial colonization [354].
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Mass Balance

Controls without inoculum were used as 100% reference to calculate a mass balance for 

Day 7 (Figure S3) and Day 28 (Figure 7.4). Mass balance for 0.1 mg/L CPC on Day 7 is 103%, 

with 3.5% glass-bound and 42% mineralized. Biodegradation on Day 7 in the 1.0 mg/L 

treatment is 3.0% and indicative of inoculum inhibition (see Figure 7.1B), while a high 

(>90%) mass balance was retrieved. Mass balance after 28 d was >80% (replicate average), 

except for the 10 mg/L CPC groups (~60%). The poor mass balance in the 10 mg/L group 

is likely caused by incomplete recovery during sorbent combustion. Fraction of dissolved 

organic 14C (CPC and/or metabolites) for sorbent additions ranged between 0.2% (10 mg/L 

CPC with 20 g/L illite) and 8.8% (0.1 mg/L CPC with 20 g/L SiO
2
). At 1.0 mg/L CPC, dissolved 

fraction decreases with increasing sorbent concentration. The dissolved fraction is 2-8 

times lower in illite vessels, demonstrating the 10 times higher sorption coefficient. Glass 

wall extracts are insignificant, except for vessels without sorbent which have a higher C
free

.

Combustion of filter residue at 0.1 mg/L CPC retrieved 6-42% of applied radioactivity, 

which is likely partially due to assimilation of 14C into biomass. Although this fraction might 

still contain adsorbed radioactivity, particularly for the 20g/L dose, this is not necessarily 

solely non-metabolized 14C-CPC. Results were more variable within 1 mg/L CPC treatments, 
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especially for filter residues and CO
2
 determination. Nevertheless, C

free
 (or rather dissolved 

organic 14C) was higher than in the 0.1 mg/L group (8.8-30.1 µg/L vs. 4.4 µg/L). Different 

vessels with SiO
2
 had comparable fractions in filter residue and mineralized to CO

2
. This 

might be an indication that radioactivity in filter residue consists primarily of assimilated 14C. 

For vessels with illite, filter residue increased with sorbent dose, and most likely indicates 

presence of 14C-CPC and partially metabolized 14C-CPC. Overall mass balance was 83.8-

93.7% for illite treated groups at 1.0 mg/L CPC.

Toxicity Mitigation Assessment

Toxicity is caused by exposure of an actual target site to a chemical, which is mechanistically 

closely related to C
free

 [286, 355, 356]. Therefore, the potential for toxicity mitigation is 

logically expressed by evaluating how sorbents influence C
free

. During the biodegradation 

experiments, fractions in acidified samples were closely related to C
free

, because inorganic 
14C was vented off as CO

2
. As shown in Figure S4, there is a clear relationship between C

free
 

and sorbent concentration for 0.1 and 1 mg/L CPC treatments. Highest C
free

 was observed 

in controls, while increasing sorbent concentrations lead to incrementally decreased C
free

. 

Lower C
free

 for illite spiked with identical CPC concentration as SiO
2
 was supported by the 

higher sorption coefficient. Comparison between illite and SiO
2
 in the 10 mg/L group 

further confirms this, as C
free

 is consistently lower in vessels with illite.

A distinct influence of incubation time was also observed. C
free

 increases notably for most 

groups after 4 to 7 days. Day 0 samples are within range of expectations based on the 

sorption test, so C
free

 increases by Day 4 may relate to the formation of less sorptive 14C-CPC 

metabolites. Following the initially increasing C
free

 a gradual decrease of C
free

 was observed, 

indicative of ultimate mineralization. Higher amounts of sorbent are more likely to release a 

continuous flux, which would translate to gradually decreasing C
free

 under the assumption 

of steady-state biodegradation. The 0.1 mg/L data is a straightforward illustration of this 

effect, showing rapid decrease in control group, somewhat slower decrease at low sorbent 

concentration, while C
free

 remains relatively constant at 20 g/L. For 0.1 and 1 mg/L CPC 

treatments with SiO
2
, there is overlap between C

free
 reaching a minimum (Figure S4) and 

biodegradation reaching plateau (Figures 7.1B and 7.3A). This correlation is lacking for illite, 

which supports the hypothesis that bioaccessibility is limited by desorption kinetics.
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Classification of CPC Biodegradability with Different Test Modifications

No reduction in biodegradation efficiency was observed with CPC as sole carbon source for 

concentrations as low as 6 µg/L. Table 7.1 provides an overview of biodegradability results 

discussed in this section. Inhibitory effect of 1 mg/L CPC could be mitigated by appropriate 

doses of SiO
2
, rendering CPC to satisfy Guideline criteria for ready biodegradability [140]. 

These results carry significant environmental relevance, as CPC and other pyridinium-based 

surfactants are a key component in various organoclays and ionic liquids [331-336], while 

several authors highlight the limited biodegradability and potential toxicity [357-359].

It was unexpected that, while illite reduced C
free

 from 1 mg/L to below the NIEC-STP, 

bioaccessibility was apparently too low to reach ready biodegradability. At 3 mg/L, CPC 

was found to be toxic to STP inoculum, but a nominal CPC concentration of 10 mg/L 

could be reduced to below NIEC-STP using SiO
2
 and illite. Although more CPC was actually 

mineralized than in the 1 mg/L treatment, the highly sorbed fractions were not adequately 

bioaccessible within the experimental time frame of 28 days. Lower dosing of a stronger 

adsorbent is thus not a universal solution to mitigate inhibitory effects when testing 

biodegradability of non-labeled compounds.

The balance between toxicity mitigation and bioaccessibility would probably need to 

come from combining a sufficiently high adsorbed fraction with adequate desorption 

kinetics. Most likely, this can be achieved in the form of a higher dose of a sorbent that 

would still allow for high mobility of microbes, but sorbs weaker (K
D
 <1000 L/kg) than 

the porous SiO
2
 we applied. It should be noted that a concentration of 10 mg/L CPC is 

unrealistically high from an environmental perspective [337]. The sorbents used resemble 

sorbing surfaces encountered in the environment, e.g. by sewage en route to the STP, 

while undergoing processing at the STP, and in sewage sludge itself e.g. when applied as 

fertilizer. Addition of inorganic sorbents is, therefore, not only a means to mitigate potential 

inhibitory effects but also serves to decrease C
free

 to predicted environmental levels, 

increasing relevance of test results. This is supported by findings such as those by Nguyen 

& Oh, who found approximately 50-80% sorption to activated sludge at environmentally 

relevant concentrations [338]. Related surfactants such as benzalkonium are also known 

to have strong sorption to activated sludge [360].
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Table 7.1. Biodegradability classification of CPC at multiple test and sorbent concentrations.

Sorbent Sorbent Dose CPC Concentration Classification1 Remarks

No sorbent

- 0.006 mg/L Readily biodegradable No lag phase; <7 d to reach 60%

- 0.025 mg/L Readily biodegradable No lag phase; <9 d to reach 60%

- 0.1 mg/L Readily biodegradable No lag phase; 10 d to reach 60%

- 0.3 mg/L Inherently biodegradable No lag phase; 17 d to reach 60%

- 1.0 mg/L Inherently biodegradable Lag phase 18 d; does not reach 60%

- 3.0 mg/L Slowly biodegradable Does not reach >10%

Silicon 

dioxide

0.8 g/L

0.1 mg/L

Readily biodegradable No lag phase; <9 d to reach 60%

4.0 g/L Inherently biodegradable No lag phase; 21 d to reach 60%

20 g/L Inherently biodegradable Lag phase ~3 d; does not reach 60%

0.8 g/L

1.0 mg/L

Inherently biodegradable Lag phase ~2 d; 17 d to reach 60%

4.0 g/L Readily biodegradable No lag phase; 13 d to reach 60%

20 g/L Readily biodegradable Lag phase ~5 d; 17 d to reach 60%

20 g/L 10 mg/L Inherently biodegradable No lag phase; does not reach 60%

Illite

0.8 g/L

1.0 mg/L

Inherently biodegradable No lag phase; 28 d to reach 60%

4.0 g/L Inherently biodegradable Lag phase 12 d; does not reach 60%

20 g/L Slowly biodegradable Lag phase 21 d; does not reach 60%

20 g/L 10 mg/L Slowly biodegradable Lag phase unclear; does not reach 60%

1 Classifications ‘readily biodegradable’ and ‘inherently biodegradable’ do not imply Guideline criteria are met 
definitively, but indicate results provide support for such classification.

 

Taking into account in situ sorption effects, CPC will under most circumstances be 

degradable by microorganisms at a certain rate. The question remains how this 

contributes to or counteracts the degree of persistency of cationic surfactants, should 

desorption kinetics indeed hamper rapid biodegradation. Bergero & Lucchesi explored the 

biodegradability of cationic surfactant sorbed to sterilized activated sludge after addition 

of specifically selected micro-organisms, and found 90% biodegradation within 24 hours 

[361]. Furthermore, biodegradability of numerous ammonium-based cationic surfactants 

has been evaluated in surface water, sediment, sludge, and sludge-amended soil. Findings 

indicate relatively good degradability of sorbed surfactants, although some types can be 

persistent under anaerobic conditions [36, 362]. Biodegradability classification can have 

significant environmental and commercial implications, and high amounts of resources 

are invested in biodegradability experiments. Therefore, we should progress towards more 

realistic testing methodology to obtain the most environmentally relevant results.
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Supporting Information

Balancing Bioaccessibility and Inhibitory Effects of Cationic Surfactant Cetylpyridinium 

Chloride in Sorbent-Modified Biodegradation Studies

Additional information on the methods

Concentrated stock solutions to prepare mineral salts medium were always prepared ≤5 

days before the start of the incubation period. Each batch of mineral salts medium was 

prepared <1 h before use, using freshly dispensed ultrapure water (MilliQ; PURELAB flex, 

ELGA LabWater, High Wycombe, UK) and the required volumes of the four stock solutions. 

Details on preparation of the mineral salts medium can be found in the OECD 310 guideline 

[140]. Freshly prepared mineral salts medium always had a pH of 7.4±0.2, a buffer capacity 

of 4 mM, and a divalent cation concentration (as Mg2+) of approximately 0.1 mM.

Details for spiking the test medium.

Borosilicate glass serum bottles (125 mL; Wheaton, New Jersey, USA) were spiked with 
14C-CPC stock solution in acetone, loosely covered with analytical tissue paper, and left 

standing overnight to allow the acetone to evaporate. Nitrogen gas was used to gently 

flush out remaining acetone vapor. Bottles for the positive control were spiked directly 

with sodium benzoate stock solution. Weighed amounts of dried sorbent were then 

transferred to appropriate bottles, followed by the addition of 50 mL mineral medium 

using a Perimatic Premier precision dispensing pump (Jencons Scientific Ltd, VWR, East 

Grinstead, UK), fitted with a re-circulation loop. Bottles were loosely capped with 20 mm 

butyl rubber stoppers (Sigma-Aldrich) and left to stand at room temperature (20.0±1.0 

°C) for at least two h to allow the CPC to dissolve and interact with the sorbent material. 

Dummy vessels were filled with a second 50 mL aliquot of mineral medium, while other 

vessels were filled with 50 mL of mineral medium inoculated with 20 mL/L of inoculum 

treated as described above, resulting in a 64 mL headspace. Each vessel was then capped 

using butyl rubber stoppers and aluminum crimp caps (Sigma-Aldrich), after which the 

bottles were transferred to HT Multitron stackable incubators (Infors AG, Bottmingen, 

Switzerland). These incubators were set for orbital shaking at 100 rpm at 22.0±1.0 °C.
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Details for the OECD 310 biodegradability criteria.

Conclusions on the biodegradability of a compound from the OECD 310 test are based 

on comparisons between observed biodegradation (mineralization of organic carbon to 

CO
2
) and the Theoretical CO

2
 production (ThCO

2
), which can be attained when all organic 

carbon is fully metabolized to CO
2
. In order for a compound to be readily biodegradable, 

60% of ThCO
2
 has to be reached within 10 days of reaching 10% of ThCO

2
. An adequate 

sampling schedule to assess this so-called 10-day window should be defined prior to 

incubation, with replicate vessels at each sampling point. The OECD recommends at least 

60% degradation of a reference substance (based on ThCO
2
) after 14 days of incubation, to 

confirm there is adequate microbial activity in the inoculum for biodegradation to occur. 

A healthy inoculum should be able to metabolize benzoate within 7 days. Biodegradation 

of benzoate can be adequately quantified using a standard carbon analyzer equipped to 

measure inorganic carbon (IC). In this study, we furthermore confirmed that the addition 

of sorbent had no impact on the microbial degradation of a reference substance (see 

Figure S1).

Details on the alkaline and acidified samples.

During the 60 min treatment with NaOH all (radioactive) CO
2
 should have reacted with the 

OH-, forming soluble HCO
3

-. The low pH of the sulfuric acid treatment should subsequently 

convert all HCO
3

- to CO
2
. As CO

2
 was allowed to disperse from the acidified samples 

overnight, the difference in radioactivity between alkaline and acidified samples represents 

mineralization of 14C-CPC to radioactive CO
2
 and carbonates. The relative amount of 

mineralization determined from the comparison between alkaline and acidified samples 

was then compared with the ThCO
2
 to calculate the percentage of biodegradation. It 

can be assumed that microbial degradation of CPC and 14C-CPC will be equivalent, which 

means production of radioactive CO
2
 is a proxy for total production of CO

2
.

7



202

Chapter 7

4 days 7 days
0

20

40

60

80

100

Inoculum Control
Sodium Benzoate (10 mgC/L)

Bi
od

eg
ra

da
tio

n
(%

)

No Sorbent

+ SiO2 0.8 g/L

+ SiO2    4 g/L

+ SiO2  20 g/L

Day 7
0.1 mg/L

Day 28
0.1 mg/L

Day 7
1 mg/L

Day 28
1 mg/L

0

20

40

60

80

100

Mass Balance for CPC Controls

%
of

Sp
ik

ed
A

m
ou

nt

CO2

Dissolved

Glass Extract
Combusted Sorbent

Figure S1 (left). Biodegradation of sodium benzoate (positive control). Figure S2 (right). Comparison 
of mass balances on day 7 and day 28 for vessels without sorbent for two different CPC treatments. The 
freely dissolved fraction (C

free
; black bar) is much higher at 1 mg/L CPC. The filter residue accounts for 

approximately 6% of total spiked radioactivity. This is probably largely caused by uptake and assimilation 
of 14C by biomass.

0

20

40

60

80

100

Sorption of CPC
Predicted vs Actual Sorption

So
rb

ed
Fr

ac
tio

n
(%

of
Sp

ik
e)

0.1 mg/L CPC
   + SiO2

1 mg/L CPC
  + SiO2

1 mg/L CPC
   + Illite

0.8
g/L

4.0
g/L

20
g/L

0.8
g/L

4.0
g/L

20
g/L

0.8
g/L

4.0
g/L

20
g/L

10 mg/L
CPC

10 mg/L
CPC

 
Figure S3. Comparison of predicted sorption based on K

D
 (red dashes) with actual sorption estimated 

based on measured samples (bars).
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Figure S4. Attempt to quantify toxicity mitigation by comparing the freely dissolved fraction of different 
treatment groups. Freely dissolved fraction is based on 14C analysis in acidified samples.
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.

Table S1. Overview of time points used for biodegradation experiments without sorbent. The number of 
replicates sampled at each time point are listed; - means no replicates were sampled.

Time 6 µg/L 25 µg/L 100 µg/L 300 µg/L 1 mg/L 3 mg/L

4 d 1 1 2 1 - -

7 d - - 2 - 2 -

11 d 1 1 2 1 - -

14 d - - 2 - 2 -

18 d 1 1 - 1 2 -

21 d 1 1 2 1 2 -

25 d 1 1 2 1 2 -

28 d 1 1 2 1 2 12

Table S2. Overview of time points used for biodegradation experiments with sorbent. The number of replicates 
sampled at each time points are listed; - means no replicates were sampled.

Time
100 µg/L (SiO2) 1 mg/L (SiO2) 1 mg/L (illite) 10 mg/L

0.8 g/L 4 g/L 20 g/L 0.8 g/L 4 g/L 20 g/L 0.8 g/L 4 g/L 20 g/L SiO2 Illite

4 d 2 2 - 2 2 - 2 2 - 2 2

7 d 2 2 2 2 2 2 2 2 2 2 2

11 d 2 2 - - - - 2 2 2 2 2

14 d 2 2 2 2 2 2 2 2 2 2 2

18 d - - - 2 2 - - - - - -

21 d 2 2 2 2 2 2 2 2 2 2 2

25 d 2 2 2 2 2 2 2 2 2 2 2

28 d 2 2 2 4 4 2 4 4 4 2 4
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Abstract

The cationic surfactants cetyltrimethylammonium bromide (CTAB) and cetylpyridinium 

chloride (CPC) can exert inhibitory effects on micro-organisms responsible for their 

biodegradation. However, under environmentally relevant exposure scenarios the presence 

of and sorption to organic and inorganic matter can lead to significant reduction of 

inhibitory effects. In our studies we investigated silica gel and seven clays as inert sorbents 

to mitigate these inhibitory effects in a 28 day manometric respirometry biodegradation 

test. CTAB was not inhibitory to the used inoculum, but we did observe that seven 

out of eight sorbents increased maximum attainable biodegradation, and four out of 

eight decreased the lag phase. The strongly inhibitory effect of CPC was successfully 

mitigated by most sorbents, with five out of eight allowing >50% biodegradation within 

28 days. Results further indicate that bioaccessibility of the sorbed fractions in the stirred 

manometric test systems was higher than in calmly shaken headspace test systems. 

Bioaccessibility might also be limited depending on characteristics of test chemical and 

sorbent type, with montmorillonite and bentonite apparently providing the lowest level 

of bioaccessibility with CPC. Clay sorbents can thus be used as environmentally relevant 

sorbents to mitigate potential inhibitory effects of test chemicals, but factors that impede 

bioaccessibility should be considered. In addition to apparently increased bioaccessibility 

due to stirring, the automated manometric respirometry test systems give valuable and 

highly cost-effective insights into lag phase and biodegradation kinetics; information that 

is especially relevant for test chemicals of gradual biodegradability.
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Introduction

There is an increased appreciation of studies on biodegradability in the environment 

and chemical persistence. Today, both consumers and regulators are increasingly urging 

for assurance that chemicals in consumer products can be demonstrated to degrade 

in sewers or waste water treatment facilities, before they reach receiving environments. 

Numerous standard laboratory studies exist to assess the biodegradability of chemicals 

and mixtures. The Organization for Economic Co-operation and Development (OECD), for 

example, provides several guidelines that are globally recognized by regulatory agencies to 

assess the fate and behavior of chemicals.[139, 140, 143] These include relatively stringent 

screening studies to assess ready biodegradability in an aqueous, aerobic medium. The 

stringency of these screening studies is important, as numerous potentially harmful 

chemicals have continuous emissions into the environment and will be detectable in the 

environment, even if they are indeed readily biodegradable. Should such continuously 

emitted, potentially hazardous chemicals not be biodegradable (i.e. persistent), their levels 

in the environment would increase over time, as would the risk for negative effects on 

the environment.

Depending on the specific guideline, chemicals are generally considered to be readily 

biodegradable if biodegradation, based on formation of inorganic carbon (CO
2
) or 

consumption of oxygen, exceeds 60% within 10 days after reaching 10% biodegradation. 

The 10-day window criterion is not applicable for mixtures of structurally related chemicals. 

Due to the natural origin of the raw materials used to produce surfactants they are 

generally available as technical mixtures with several alkyl chain lengths. Surfactants 

are therefore exempt from the 10-day window criterion.[363, 364] Results that do not 

meet these aforementioned criteria but show unequivocal biodegradation within 60 

days can be used to claim classification as non-persistent, based on inherent or ultimate 

biodegradability. Due to the stringency of these criteria, any chemical that passes can be 

assumed to degrade rapidly in the environment, which lowers the potential environmental 

impact for chemicals that may be toxic and/or bioaccumulative. However, there are several 

limitations with the methods described. In particular, in order to identify degradation of 

the test chemical above background metabolism of the test inoculum, recommended 

test concentrations are relatively high, ranging from 1 to 20 mg organic carbon/L.[139, 

140] These high concentrations add to the stringency of the test method. However, for 

certain chemicals employing such high concentrations can lead to inhibitory effects on 

the microbial inoculum. As described in Annex II of the OECD 301 Guideline,[139] chemicals 

8
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with potential inhibitory effects should be tested at 10% of the EC
50

 for microorganisms. 

However, this information is not always readily available and testing at concentrations 

much lower than those suggested in the guideline will lead to analytical limitations 

when quantifying biodegradation. In addition, matrices proposed in these guidelines 

are usually aqueous and lack sorptive capacity to mitigate inhibitory effects by reducing 

bioavailability of the test chemical. The environmental relevance of clay minerals and 

their intuitively favorable properties for cationic biocides have led us to elucidate the 

efficacy and limitations of their application in biodegradability testing to better represent 

environmentally relevant conditions.[329, 365] [366]

In the context of biodegradation studies with added mitigating sorbent (e.g. clay, soil, 

or technical material such as silica gel (SiO
2
)) it is important to distinguish between 

bioavailability and bioaccessibility of the test chemical.[140, 145, 146, 152, 330] The fraction 

of a chemical that is freely dissolved – the bioavailable fraction – drives chemical equilibrium 

in the cells of (micro-)organisms, directly influencing toxic potential and possibilities for 

metabolism.[286, 356, 367] The bioaccessible fraction is the fraction that can reasonably be 

expected to become bioavailable (i.e. the fraction that remains accessible) in a given time 

frame under applicable conditions e.g. undissolved crystals or reversibly sorbed fractions.

[368] Bioaccessibility is important with respect to the extent of degradation attainable,[369] 

especially for prolonged experiments. Impaired bioaccessibility can limit biodegradation 

rates such that criteria for classifying a chemical as biodegradable are not met. Therefore, 

the aim of toxicity mitigation will be preventing or diminishing inhibitory effects, while 

simultaneously maintaining adequate bioaccessibility.[147, 370]

Due to inhibitory effects at recommended test concentrations (2-100 mg/L),[139, 140] 

or losses through strong sorption,[321-323, 371, 372] biodegradation potential may be 

underestimated. Certain cationic surfactants combine inhibitory effects on microorganisms 

with high adsorption capacity.[24, 43, 324-327] Still, several strains of microorganisms have 

demonstrated the ability to metabolize these surfactants.[157, 328, 339] In two recent 

studies,[329, 365] we have evaluated biodegradability of 14C-labeled cationic surfactants 

cetyltrimethylammonium bromide (CTAB) and cetylpyridinium chloride (CPC) at 

potentially inhibitory concentrations in a 28-d Headspace Test (HST).[140] As described 

in the OECD 301 Guideline,[139] it is difficult to test biodegradability of chemicals with 

an EC
50

 for microorganisms exceeding 20 mg/L. The EC
50

 as determined for CTAB and 

CPC are 19 mg/L and 20.7 mg/L, respectively.[373, 374] Inhibitory effects were therefore 

mitigated by addition of the inorganic sorbents silica gel (SiO
2
) and commercial illite 
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(C-ill); both surfactants sorbed weaker to SiO
2
 than to C-ill, and bioaccessibility of SiO

2
-

sorbed fractions was generally higher. Under test conditions that rendered non-inhibitory 

dissolved concentrations, both CTAB and CPC could potentially satisfy the criteria for 

ready biodegradability. However, at concentrations of 10-20 mg/L these surfactants could 

not be classified as readily biodegradable at sorbent concentrations >10 g/L. The high 

sorbed fractions (>99.9%) of surfactant appeared to be insufficiently bioaccessible, with 

biodegradability probably limited by unfavorable desorption kinetics.

In our CTAB HST study, we employed automated manometric respirometers (AutMR) to 

evaluate potential inhibitory effects (but not full inoculum toxicity) of CTAB in a 14 day 

setup with reference substrate.[329] The AutMR method works by adding CO
2
-sorbent 

to hermetically sealed vessels, so that CO
2
 produced as a result of biodegradation of the 

test chemical is removed (Figure S1).[139] Built-in manometers detect and log decreases 

in air pressure due to O
2
-consumption, generating a series of consecutive measurements 

in unaffected systems, thereby increasing efficiency and consistency.

The primary aim of this study was to use AutMR to determine biodegradability of CTAB 

and CPC exposed with SiO
2
 and C-ill, in order to compare with results from our previous 

studies using the HST design. The AutMR method is specifically included in the OECD 

301 F Guideline, and is thus an established method to determine ready biodegradability.

[139] Furthermore, we wanted to investigate whether other phyllosilicate clays besides 

C-ill could be more effective (and more standardized) sorbents for cationic surfactants, 

in terms of mitigation efficiency and desorption kinetics. In comparison with other 

inorganic soil constituents, clay minerals have a relatively high specific surface area (SSA), 

surface charge density, and cation exchange capacity (CEC).[375, 376] Theoretically, these 

factors all contribute to their suitability for application as sorbents in an environmental 

context,[159, 377] where especially the high SSA (increased surface area providing sorption 

sites; decreased likelihood of steric hindrance when the number of occupied sorption 

sites increases) and high CEC (increased number of sorption sites for organic cations) can 

be valuable. Therefore, several reference clays obtained from the Clay Minerals Society 

(CMS), encompassing a range of properties (SSA, CEC, interlayer accessibility), were used 

as inert sorbents for CTAB and CPC in a series of AutMR tests. Due to the stronger sorption 

characteristics addition of clay may more readily lead to bioaccessibility limitations than e.g. 

SiO
2
, although Van Ginkel et al. noted that SiO

2
 tends to form a gel-like structure,[145] which 

could potentially decrease interaction between sorbent and medium in experimental 

settings without sufficient magnetic stirring.

8
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Materials and Methods

Chemicals and Sorbents

Analytical grade CPC (pure C
16

 homolog), CTAB (pure C
16

 homolog), sodium benzoate, 

and solvents were obtained from Sigma-Aldrich (Gillingham, Dorset, UK). Use of SiO
2
 has 

been described in literature,[145, 152] while C-ill and commercial bentonite (C-ben) were 

included since they could be easily obtained in large quantities from industrial sources. 

Clay types obtained from the Clay Minerals Society (CMS) were of interest since they have 

been characterized extensively, providing insight into how clay characteristics might be 

translated to expected efficacy of industrially sourced clays. SiO
2
 (Davisil Grade 633, particle 

size 35-75 µm, SSA 480 m2/g), was obtained from Sigma-Aldrich. Comparable illite was 

used as in related sorption studies with surfactants,[177, 342] purchased as fine powder 

(Argiletz, France). Commercial fine powder bentonite was obtained from Keramikos 

(Haarlem, The Netherlands). CMS clays were received as coarse clay: montmorillonites SAz-2 

and SCa-3, illite clays IMt-1 and IMt-2, and kaolinite KGa-2. These were treated to obtain 

the approximate 2 µm fraction using a CMS protocol.[378] Buffer salts and potassium 

hydroxide were analytical grade and obtained from Sigma-Aldrich. For AutMR tests a 

WTW OxiTop Control system was used, except for the test with CPC and CMS clays, 

where we used Lovibond BD600 GLP systems. All measuring heads were calibrated and 

checked visually before use. Details on the radiolabeled chemicals used in previous work 

referenced throughout this chapter, and associated methods, can be found in previous 

publications;[329, 365] the methods are briefly described in the Supporting Information.

Inoculum

Activated sludge was obtained from Broadholme Sewage Treatment Works (BSTW; 

Ditchford Road, Wellingborough & Irthingborough, UK). BSTW treats waste water from 

~80,000 households; <15% of organic load is attributable to industrial discharge.[315] 

Sludge was sparged with CO
2
 free air overnight to allow habituation to lab conditions 

and to remove inorganic carbon. Subsequently, sludge was transferred to a flow-breaking 

glass vessel and homogenized using a Polytron PT 3000 dispersion unit (Kinematica AG, 

Littau, Switzerland) at 12,000 rpm for 5 min. The resulting fine-grained suspension was 

centrifuged at 800 g for 10 min, after which supernatant was filtered over analytical grade 

glass wool (Sigma-Aldrich) and used as inoculum. Before treatment the suspended solids 

concentration in activated sludge was 5 ± 1 g/L.
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Preparation of Automated Manometric Respirometry (AutMR) Tests

AutMR tests were performed using vendor-supplied amber glass bottles. Weighed 

amounts of sorbent were added to respective bottles, followed by spiking with sodium 

benzoate (positive control), CTAB, or CPC using aqueous stock solutions, brought up to 

a volume of 180 mL per vessel using mineral medium as described in the OECD 301 

Guideline.[139] Bottles were left standing for 2 hours to allow interaction with sorbents. 

Thereafter, mineral medium with inoculum (10 mL/L) was added to each bottle to obtain 

the required headspace-to-volume ratio, as specified by the AutMR manufacturer. Total 

medium volume in AutMR tests was 360 mL, allowing to measure oxygen consumption up 

to 80 mg O
2
/L. Rubber gaskets containing two KOH-pellets (CO

2
-sorbent) were inserted and 

bottles were tightly closed by screwing on measuring heads. Bottles were then placed on 

magnetic induction stirrers (320 rpm) inside temperature-controlled incubators (22.0 °C). 

Internal pressure measurements were stored automatically at each sampling interval and 

converted to oxygen consumption (mg O
2
/L). In AutMR tests, biodegradation is calculated 

by subtracting endogenous oxygen consumption from measured oxygen consumption, 

and dividing the resulting value by the theoretical oxygen demand (ThOD), which is the 

amount of oxygen required to fully oxidize all test chemical in the system. The ThOD with 

full oxidation of nitrogen to NO
3
 (ThOD

NO₃
) for CPC and CTAB was calculated using equation 

1, and was determined to be 2.99 and 2.70 mg O
2
/mg, respectively.

 

    (eq. 1)

AutMR Test with Sorbent

Sorption affinity to C-ill and SiO
2
 and data on inhibitory effect concentrations for CTAB and 

CPC were used as established in previous work.[329, 365] Biodegradation of 13.6 mg/L 

CPC was determined without addition of sorbent and with addition of seven types of clay 

(triplicate, inoculum batch #6), 20 g/L C-ill (six replicates, inoculum batch #3), and 20 g/L 

SiO
2
 (six replicates, inoculum batch #3). Biodegradation of 20 mg/L CTAB was determined 

without sorbent (duplicate, inoculum batch #4), and with addition of SiO
2
 and seven types 

of clay (four replicates, inoculum batch #4 and #5, respectively). An overview of the most 

relevant details for each experiment, including experiments published previously, can 

be found in Table 8.1. For each experiment, vessels with medium and inoculum were 

incubated to determine endogenous respiration; dedicated blanks with sorbent were 

8
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not included. Dosing of all clay types is described in Table 2. We aimed to dose amounts 

of clay resulting in a CEC of ~500 µmol charge equivalents per liter (µeq/L), which at a 

sorbed fraction of ~90-99% would reach less than 10% saturation of the charged sorption 

sites. Exceptions were for IMt-1 and IMt-2 which were both dosed based on the higher 

CEC of IMt-2 in order to gain insight in the actual contribution of an equal added CEC. We 

assumed CEC of C-ben was comparable to that of SAz-2 and SCa-3, as montmorillonite 

is the major constituent of bentonite. However, the CEC for C-ben was a factor 2.5 lower 

than expected (40 meq/100 g; see also Table 2).

Table 8.1. Relevant details on performed experiments.

Experiment type HST HST AutMR AutMR AutMR AutMR

Inoculum batch #1 #2 #3 #4 #5 #6

CTAB/CPC CPC CTAB CPC CTAB CTAB CPC

Concentration 1-10 mg/L 16.8 mg/L 13.6 mg/L 20 mg/L 20 mg/L 13.6 mg/L

Replicates 2 3 6 4 4 3

Duration 28 d 28 d 30 d 27 d 27 d 30-120 d

Sorbents C-ill + SiO
2

C-ill + SiO
2

C-ill + SiO
2

C-ill + SiO
2

CMS clays CMS clays

Sorbent concentration 0.8-20 g/L 1-30 g/L 4-20 g/L 1.8-6 g/L See Table 2 See Table 2

Figures 2A + 2B 2C + 2D 1A + 2A + 2B + 3A 1B + 2C + 2D + 4A 4A + 4B 3A + 3B

Published previously Yes Yes No No No No

Graphs

All figures of AutMR results show mean values of all replicates. Figures in Supporting 

Information include error margins to allow assessment of variability and statistical relevance 

of apparent differences. All graphs were constructed using GraphPad Prism 8.2.0.435 for 

Windows.
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Results and Discussion

AutMR Test with Illite and SiO2 for CPC

Blanks containing only inoculum and medium (triplicate) were used to determine 

endogenous respiration, which was minor (<5 mg O
2
/L after 28 days of incubation). 

Sodium benzoate (reference; 15 mg/L) was degraded >60% after ~7 days of incubation, 

indicating adequate microbial activity (Figure S2 and S3). Test vessels were spiked with 13.6 

mg/L CPC. Vessels containing CPC without sorbent showed 2% biodegradation (based 

on oxygen consumption) after 30 days (Figure 8.1A), indicative of strong inhibition of 

microbial activity by CPC, as noted previously in HSTs.[365] For both SiO
2 

and C-ill at 20 

g/L, rapid biodegradation was observed, up to 55% (SiO
2
) and 95% (C-ill) within 30 days. In 

the treatment with a lower amount of C-ill (4 g/L) a lag phase of ~18 days was observed, 

followed by relatively slow biodegradation. The 4 g/L C-ill group reached only ~17% after 

30 d, indicating that the increased lag phase is likely caused by inhibitory effects and a 

microbial adaptation period. Until Day 10 biodegradation rates are similar between the 20 

g/L sorbent groups, after which it levels off gradually in the SiO
2
 group while remaining 

steady in the 20 g/L C-ill group. Since the curves match perfectly during the first 12 days of 

incubation (Figure S10) it is unlikely inhibitory effects cause leveling off in the SiO
2
 vessels, 

and differences between C-ill and SiO
2
 might very well be related to bioaccessibility of 

sorbed CPC.
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Figure 8.1. A: Biodegradation profile (AutMR; mean of six replicates) of 13.6 mg/L CPC with C-ill (two 
concentrations) and SiO

2
. Full inoculum inhibition in control (dashed line), minor mitigation at 4 g/L C-ill. 

SiO
2
 and 20 g/L C-ill perform similarly during first 12 days; 20 g/L C-ill reaches highest biodegradation. 

B: Biodegradation profile (AutMR; mean of four replicates) of 20 mg/L CTAB with C-ill and SiO
2
. Both 

sorbents perform similarly during first 6 days; SiO
2
 performs better than control (dashed line); C-ill reaches 

highest plateau.
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AutMR Test with Illite and SiO2 for CTAB

A second series of vessels was spiked with 20 mg/L CTAB (Figure 8.1B). Duplicate blanks 

with only medium and inoculum showed minor endogenous respiration (<5 mg O
2
/L after 

28 days). Although inhibitory effects were expected at this concentration, based on CTAB 

concentrations inhibiting aniline biodegradation in previous work,[329] we observed a 4 

day lag phase followed by relatively fast biodegradation, reaching an apparent maximum 

of ~55% after 18 days. CTAB vessels were incubated with C-ill at 2 g/L and SiO
2
 at 6 g/L, 

which were calculated to achieve dissolved concentrations below the threshold of 

inhibitory effects.[329] In both sorbent groups, the lag phase was somewhat shorter than 

in vessels without sorbent. Although substantial biodegradation was observed in the no 

sorbent group within a relatively short incubation time, these results indicate that the 

lag phase might still be caused by inhibitory effects to which microbes need to adjust. 

Comparable to the CPC experiment (Figure 8.1A), biodegradation evolves similarly between 

C-ill and SiO
2
 groups initially (up to Day 5), after which the rate levels off in the SiO

2
 group. 

In contrast to the CPC experiment, the rate of biodegradation in the C-ill group levels off as 

well; the plateau reached is 17% higher than for the SiO
2
 group (60% vs. 77%). These results 

suggest that differences between C-ill and SiO
2
 might indeed be related to bioaccessibility.

Comparison of Biodegradability in Headspace Test and AutMR Test

Relevant AutMR results are plotted in Figure 8.2 alongside data from previous HSTs,[329, 

365] that were run with 1 or 10 mg/L CPC and different C-ill (2A) or SiO
2
 (2B) treatments. 

Virtually no degradation was observed in the HST with 10 mg/L CPC and 20 g/L C-ill, while 

biodegradation is >90% in the AutMR test at 13.6 mg/L CPC with 20 g/L C-ill. Remarkably, 

in the HST 1 mg/L CPC showed low biodegradation with addition of 4 and 20 g/L C-ill, 

while with 0.8 g/L C-ill biodegradation rate was similar as in the AutMR. C-ill was also used 

at 4 g/L with 13.6 mg/L CPC in the AutMR test, which resulted in low biodegradation (20%) 

with a 15 day lag phase. Bioaccessibility seems rate limiting in the HST, to the extent that 

apparent effectiveness of sorbent is opposed to what is observed with AutMR. This might 

be explained by stirring in AutMR which increases turbulence, thereby reducing thickness 

of unstirred boundary layers surrounding the particles,[379] enhancing desorption kinetics. 

However, in light of AutMR results it seems unlikely CPC could not degrade at all with 20 

g/L C-ill in the HST (Figure 8.2A). The mild shaking applied was probably insufficient to 

facilitate effective desorption.
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In the AutMR test 13.6 mg/L CPC with 20 g/L SiO
2
 is degraded much faster than 10 mg/L 

CPC in the HST (Figure 8.2B), which is in line with our hypothesis of increased bioaccessibility 

through stirring. In the three 1 mg/L CPC groups in the HST biodegradation is faster 

overall and reaches a higher plateau, except for the lag phase at 20 g/L SiO
2
 which is 

consistent with the bioaccessibility hypothesis and comparable with observations for the 

two highest C-ill concentrations. Interpreting differences between the two test methods is 

more difficult with CTAB, partly because CTAB did not show inoculum inhibition without 

sorbent. Concentrations between both methods differed by <20%. Biodegradation rate 

in the 2 g/L C-ill group (AutMR) is approximately the same as in the 1 g/L C-ill HST (Figure 

8.2C). The HST with 10 g/L C-ill, however, showed a reduced biodegradation rate, indicative 

of lower bioaccessibility without stirring. In the CTAB groups with SiO
2
 (Figure 8.2D) there 

are no obvious differences between AutMR and HST. All vessels reach a level of ~60% 

degradation within 28 days.
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Figure 8.2. A: Comparison of biodegradability of different concentrations of CPC and illite in AutMR and 
HST; results suggests limited bioaccessibility in the HST. B: Comparison of biodegradability of different 
concentrations of CPC and SiO

2
 in AutMR and HST; results suggest higher biodegradability in the AutMR 

if corrected for CPC concentration. C: Comparison of biodegradability of different concentrations of CTAB 
and illite in AutMR and HST; results suggests comparable bioaccessibility at 1-2 g/L C-ill. D: Comparison 
of biodegradability of different concentrations of CTAB and SiO

2
 in AutMR and HST; results suggests 

comparable bioaccessibility at 3-6 g/L SiO
2
.
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The results shown in Figure 8.2 provide compelling evidence that the AutMR test is a 

suitable alternative for the HST, and that magnetic stirring in sorbent enriched vessels 

appears to increase bioaccessibility substantially. Although C-ill proved to be a suitable 

sorbent in AutMR, its relatively strong sorption capacity compared to SiO
2
 resulted in 

limited desorption kinetics, reducing biodegradation in the absence of stirring. AutMR 

systems generally provide a sampling resolution that is difficult to achieve using other 

standardized biodegradation assays and can easily be extended beyond the original end 

date, for example to determine inherent biodegradability over longer exposure periods.

Table 8.2. Details and applied amounts of clay sorbents; clay coding according to CMS.

Clay Type CEC (meq/100g) SSA (m2/g)

CTAB

(20 mg/L = 55 µM)

CPC

(13.6 mg/L = 44 µM)

Dose (g/L) CEC (µeq/L) Dose (g/L) CEC (µeq/L)

Commercial illite (C-ill) 29 [380] n.d. 1.80 520 4.00 1160

IMt-1 (illite) 15 [381] 34.2 a [382] 1.80 270 1.90 290

IMt-2 (illite) 25 [383] 24.2 a [384] 1.80 450 1.90 475

SAz-2 (Ca-montmorillonite) 120 [385-387] 820 b [388] 0.40 480 0.44 530

SCa-3 (montmorillonite) 120 [389, 390] 750 c [390] 0.50 600 0.40 480

KGa-2 (kaolinite) 3.7 [387] 21.6 a [391] 20.0 740 12.0 440

Commercial bentonite (C-ben) 40 n.d. 0.50 200 0.52 210

CEC: Cation Exchange Capacity ; SSA: Specific Surface Area ; a: SSA determined using N
2
 and Brunau-

er-Emmett-Teller method ; b: SSA determined using EGME ; c: SSA determined by theoretical means.

Effectiveness of Different Clay Sorbents with CPC

Clays are phyllosilicates that are built of tetrahedral silicate sheets and octahedral 

hydroxide sheets. Clay minerals can carry a permanent negative charge due to isomorphic 

substitution, where atoms in the crystal lattice are replaced by atoms of similar size but 

different valence.[392] Clays can consist of one tetrahedral sheet and one octahedral 

sheet (1:1 clay), or of two tetrahedral sheets with one octahedral sheet in between (2:1 

clay). Kaolinite would be the classical example of a 1:1 clay. Several 2:1 clays, such as 

montmorillonite, are expansive or swelling clays, which means they can become hydrated 

by taking up water through cation exchange, in the interlayer between clay mineral sheets.

[393-396] Such expansive clays can be significant in the context of our work, as interlayer 

sorption in some hydrated expanding clays can reduce desorption kinetics.[368, 397] Illites 

are well-known and ubiquitous non-expandable 2:1 clays. Differences in CEC and SSA 

between the clay types used for this study are described in Table 2.
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Seven clay sorbents (Table 2) were exposed to 13.6 mg/L CPC (Figure 8.3), a fully inhibiting 

concentration if no sorbent was added (Figure 8.1). Endogenous respiration was <5 mg 

O
2
/L. This CPC concentration required a sorbed fraction of >98% in order to not inhibit 

inoculum metabolic performance.[365] Sorbent amounts were in the range of 210-1160 

µeq/L. The tested CPC concentration yields 40 µeq of positive charge, which is 5-29 times 

lower than the CEC of the added sorbents. Therefore, sorbed surfactant levels should be 

well below sorption site saturation, which is relevant as sorption can become less efficient 

near saturation. C-ill provided the highest CEC and biodegradation tests performed with 

C-ill demonstrate a comparatively long lag phase and slow biodegradation rate. Despite 

this, the results with 20 g/L C-ill (Figure 8.1A) in the first AutMR series indicate that a high 

concentration of this sorbent does not necessarily lead to lower biodegradation rates 

attributable to reduced bioaccessibility. It should be noted that C-ill was tested using 

a different inoculum and test system (OxiTop vs. BD600), which could be the cause for 

some of the variability as sludge is known to be a variable inoculum source.[317, 398] IMt-1 

and IMt-2 provide the optimal mitigation/bioaccessibility equilibrium, evidenced by the 

short lag phase (Figure 8.3A). Overall, results obtained with these two types of illite are 

very similar, although their characteristics (40% difference in CEC and 30% difference in 

SSA) are not. Although addition of kaolinite (KGa-2) resulted in a longer lag phase than 

the standard illites (Figure 8.3B), biodegradation was actually faster. KGa-2 and IMt-1 both 

satisfy the criteria to label CPC as readily biodegradable at recommended concentrations.

Addition of commercial bentonite (C-ben) and CMS montmorillonite (SCa-3) results in 

a relatively long lag phase, followed by gradual biodegradation over multiple weeks 

(Figure 8.3B). Both sorbents are expandable 2:1 clay minerals and attained only <10% 

biodegradation after 28 days. Total CEC of added SCa-3 and IMt-2 in the test system was 

comparable, which highlights the fact that CEC alone is not sufficient to predict or explain 

sorbent efficacy. The Ca-montmorillonite SAz-2, on the other hand, had a longer lag phase 

than both standard illites, but once started biodegradation rate was similar, reaching 60% 

within 32 days of incubation. Incubation with KGa-2 and SAz-2 was terminated after 60 

days, while C-ben and SCa-3 were incubated for 120 days. Single replicates with KGa-2 and 

SAz-2 reach a biodegradation of >100% (107% and 110%, respectively), which is technically 

not possible. However, these replicates reached their plateau at least 7 days before the 

experiment was terminated. Percentages up to 110% in ready biodegradability tests are 

not unheard of, and could be due to natural variation as well as small dosing errors.

8
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It seems not all clay types tested are equally suitable as mitigants for cationic surfactants 

that bind as strong as CPC. The commercial clays C-ill and C-ben performed quite poor 

in comparison with four of the CMS clays (IMt-1, IMt-2, KGa-2, and SAz-2). However, total 

biodegradation and biodegradation rate increased with all tested clay sorbents, although 

these effects are limited for C-ben and SCa-3. While these two sorbents could mitigate 

inhibitory effects, desorption rates were insufficient to maintain adequate bioaccessibility. 

This raises the question if the high CEC and SSA of SCa-3 and C-ben directly impacted 

bioaccessibility, although KGa-2 and SAz-2 have comparable or higher CEC and SSA at 

the applied dosage. These results might be explained by the fact that bentonite is an 

expansive clay type, which could also be a factor in the results for SAz-2, although SAz-2 

is more in line with the non-expansive clay types. Interpretation of the results for CPC and 

CTAB might have benefitted from sorption data (e.g. K
D
) of both chemicals for each clay 

type, as bioaccessibility is likely related more directly to sorption affinity than to descriptors 

such as CEC or SSA.

Effectiveness of Different Clay Sorbents with CTAB

The same seven clay sorbents (Table 2) were also exposed in quadruplicate to 20 mg/L 

CTAB. Endogenous respiration was <5 mg O
2
/L. As there was extensive biodegradation in 

vessels without sorbent, sorbent efficacy and desorption efficiency were mainly evaluated 

by considering lag phase and plateau height (Figure 8.4). It should be kept in mind that 

>98% of CTAB was sorbed initially. At 20 mg/L CTAB provides 55 µeq of positive charge, 4-13 

times lower than CEC of added sorbents (Table 2). The standard illite clays, IMt-1 and IMt-2, 

impact CTAB biodegradation similarly as the commercial illite C-ill. CTAB biodegradation 

with these three illites is faster, particularly in the first 9 days. On average, these vessels 

reach a 5.1 (± 4.3) %, 11.7 (± 4.5) %, and 19.2 (± 9.1) % higher plateau than the no-sorbent 

control, respectively (Figure 8.4A). The SSA of IMt-1 is 30% higher while CEC is 40% lower 

than for IMt-2; it is unclear how SSA and CEC are related in terms of toxicity mitigation. 

The amount of KGa-2 used provided the highest CEC but barely influences lag phase and 

plateau height (Figure 8.4B).
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Figure 8.3. A: Biodegradation profile (AutMR; mean of three replicates) of 13.6 mg/L CPC with the three 
illite clay sorbent C-ill, IMt-1, and IMt-2. Study was terminated after 30 days; both IMt clays reach >60% 
biodegradation. B: Biodegradation profile (AutMR; mean of three replicates) of 13.6 mg/L CPC with four 
clay types, with experimental duration of 60 and 120 days. SAz-2 and KGa-2 reach ~100% biodegradation; 
SCa-3 and C-ben lead to slow and gradual biodegradation.

The montmorillonites SAz-2 and SCa-3 show even more rapid biodegradation in the first 9 

days than the illite clays, and reach a 18.5 (± 4.7) % and 19.2 (± 14.9) % higher plateau than 

no-sorbent control, respectively (Figure 8.4B). Due to their high CEC with exchange sites 

residing mainly in the interlayer, it was expected montmorillonites would result in slower 

desorption kinetics and biodegradation rates in comparison with illite clays. So either 

CTAB sorbed mainly to external clay surfaces, or the interlayer sorbed fraction is readily 

bioaccessible. The commercially available bentonite (C-ben) consists of montmorillonite and 

illite, but final degradation results (12.5 (± 9.4) % higher plateau) compare better to the illite 

8
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sorbents. Overall results indicate that SAz-2 and SCa-3 might be most suitable to enhance 

or maintain bioaccessibility of CTAB-like chemicals, while potentially mitigating inhibitory 

effects. However, commercially available powdered illite and bentonite might be more 

cost efficient. We have shown that apparent biodegradability and biodegradation rate 

could be increased with the seven clay sorbents tested, proving adequate bioaccessibility 

with all tested sorbents. In addition, biodegradation curves are steeper and the lag-phase 

is shorter; important factors to satisfy the 10-day window criterion. Although the 10-day 

window is not applicable for industrially produced surfactants, it could be argued the 

10-day window remains applicable for our experiments since pure homologs were tested.
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Figure 8.4. A: Biodegradation profile (AutMR; mean of four replicates) of 20 mg/L CTAB with the three 
illite clay sorbent C-ill, IMt-1, and IMt-2. Study was terminated after 27 days; compared with control (dashed 
line) all illite clays improve plateau height and biodegradation rate in the first week of the study. B: 
Biodegradation profile (AutMR; mean of four replicates) of 20 mg/L CTAB with four clay types. Study was 
terminated after 27 days; KGa-2 shows no clear improvement over control (dashed line), C-ben performs 
better than control, and SAz-2 and SCa-3 lead to highest plateau and fastest biodegradation.
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Comparing AutMR Results for CTAB and CPC

Results obtained in the AutMR test show considerable differences in behavior for CTAB 

and CPC between clay types. Some chemicals show lower biodegradability with stronger 

sorbing clay types,[366, 399] while other chemicals degrade more efficient with stronger 

sorbents.[400] In some instances, biodegradability can be impaired in presence of clay 

sorbents,[401, 402] although this is sometimes linked to other effects than bioaccessibility 

limitations.[403] Some studies even suggest a protective mechanism, selective for cationic 

chemicals, against degradation by hydroxyl radicals.[404] Overall, available literature is 

mostly in line with the findings we observed with CPC, where montmorillonite and 

montmorillonite-containing bentonite showed less efficient biodegradation than illite 

and kaolinite. In conclusion, the present results indicate there is no clearly defined best 

clay type for all test chemicals.

Factors Governing Sorption Potential of Different Clay Types

Figure 8.3 and Figure 8.4 clearly illustrate that clays are promising candidates to achieve 

toxicity mitigation while maintaining bioaccessibility. However, in order to identify the most 

appropriate clay type, understanding how clay characteristics influence bioaccessibility is 

needed. SSA and CEC both follow the general order montmorillonite > bentonite > illite > 

kaolinite, which complicates differentiation.[405, 406] Sorption to montmorillonite might 

also be dependent on hydration of the interlayer, which has been linked to decreased 

bioaccessibility.[368, 393-397] Due to their relatively flat and thin structure, aromatic 

systems within a molecule can be expected to interact favorably with sorption sites within 

the interlayer. This has been shown in scientific studies with phenol and quinoline as 

specific examples, which were shown to enter the montmorillonite interlayer. [397, 407, 

408] Interlayer sorption of aromatic amines was also investigated in detail, with attempts 

to take into account the contribution of specific interactions of the aromatic systems with 

cation exchange sites in the interlayer.[409, 410]

Other Beneficial Effects of Clays on Biodegradation

Clay minerals may also provide a functional habitat for microorganisms, since they can 

act as a practical support material, providing a protective environment through biofilm 

formation.[159, 160] This has been described rather extensively for kaolinite,[411, 412] 

zeolite,[413] montmorillonite,[414, 415] and smectite in general.[414] Clay minerals may also 

8



224

Chapter 8

stimulate microbial activity by providing a microhabitat with optimum pH, by exchanging 

H+ resulting from metabolic activity with counter-ions at the mineral surface.[160, 400] As a 

result of these combined properties, microorganisms could potentially degrade substrates 

adsorbed unto clay particles more effectively. However, bioaccessibility is also influenced 

by desorption and subsequent diffusion of substrate,[416] although there is evidence 

sorbed substrate can be taken up by microorganisms directly, albeit less efficient than 

freely dissolved molecules.[417] While formation of such biofilms could not be evaluated 

in our study, it would be interesting to further elucidate the extent of biofilm formation in 

clay-amended biodegradability studies. If biofilm formation is observed in such studies, 

this would add further weight to the environmental relevance of introducing clay minerals.

Environmental Relevance of CTAB and CPC

Although clearly indicating pure homologs of CPC and CTAB are readily biodegradable, 

while even satisfying the 10-day window criterion, the results in Figure 8.4 and especially 

Figure 8.3 also show there can be a lag-phase before significant biodegradation levels 

are reached, a feature described previously for numerous surfactants and detergent 

mixtures.[418] This lag-phase might be linked to the fact that surfactants can have 

concentration-dependent inhibitory effects on microorganisms, although such effects 

are not observed at environmentally relevant concentrations.[138, 419-428] Due to large-

scale application in down-the-drain products (e.g. mouthwash, fabric softener, cleaning 

products), biodegradability of surfactants is carefully assessed and surfactants with poor 

biodegradability have limited application.[1, 428, 429]

More specifically, CPC and other pyridinium-based surfactants, as well as CTAB, are a key 

component in ionic liquids and are also used in the preparation of organoclays,,[331-336, 

430] while several studies highlight the limited biodegradability and potential toxicity.

[357-359] Detectable levels of CPC and CTAB are present in the environment, with levels 

detected in river water ranging from 2.0-102 µg/L for CPC and from 0.4-138 µg/L for CTAB.

[337, 431-433] Higher concentrations are usually associated with industrial areas; lower 

concentrations are measured in Western countries. We have concluded that, although 

detectable levels might be present in the environment, CPC is readily biodegradable under 

environmentally relevant conditions.[365]
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Relevance of Sorbent Addition for Proper Environmental Risk Assessment

Altogether, the work presented in this chapter further improves the stepwise sorbent 

addition approach postulated previously.[329, 365] Sorptive surfaces are readily encountered 

under realistic field conditions e.g. activated sludge and suspended solids within a STP, 

sand and sediment in natural water bodies, and soil on which dried sewage sludge, river 

water, or STP effluent might be applied. We conclude that addition of inert sorbents will 

lead to more environmentally relevant methods to determine biodegradability of (cationic) 

biocides, by mitigating the toxicity of concentrations well above environmentally relevant 

dissolved concentrations and a controlled presence of inert strongly sorptive phases under 

defined conditions, which release the sorbed fraction and allow microbial degradation. In 

addition, continuous measurements provided by AutMR systems give valuable and cost-

effective insight into biodegradation kinetics and lag phase.
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Supporting Information

Application of Seven Different Clay Types in Sorbent-Modified Biodegradability Studies 

with Cationic Biocides

Additional information on experimental procedures

The OECD 310 Headspace Test can be used to determine the extent to which a chemical is 

mineralized to CO
2
 by microbial action in an inoculated medium.[140] Concentrated stock 

solutions to prepare mineral salts medium were always prepared ≤5 days before the start 

of the incubation period. Each batch of mineral salts medium was prepared <1 h before 

use, using freshly dispensed ultrapure water (MilliQ; PURELAB flex, ELGA LabWater, High 

Wycombe, UK) and respective volumes of the four stock solutions; preparation is described 

in the OECD Guidelines.[139, 140] Freshly prepared mineral salts medium always had a 

pH of 7.4±0.2, a buffer capacity of 4 mM, and a divalent cation concentration (as Mg2+) of 

approximately 0.1 mM.

Borosilicate glass serum bottles (125 mL; Wheaton, New Jersey, USA) were spiked with 

stock solution in acetone, loosely covered with analytical tissue paper, and left standing 

overnight to allow the acetone to evaporate. Nitrogen gas was used to gently flush out 

remaining acetone vapor. Bottles for the positive control were spiked directly with sodium 

benzoate stock solution. Weighed amounts of dried sorbent were then transferred to 

appropriate bottles, followed by the addition of 50 mL mineral medium using a Perimatic 

Premier precision dispensing pump (Jencons Scientific Ltd, VWR, East Grinstead, UK), fitted 

with a re-circulation loop. Bottles were loosely capped with 20 mm butyl rubber stoppers 

(Sigma-Aldrich) and left to stand at room temperature (20.0±1.0 °C) for at least two h to 

allow the CPC to dissolve and interact with the sorbent material. Dummy vessels were filled 

with a second 50 mL aliquot of mineral medium, while other vessels were filled with 50 

mL of mineral medium inoculated with 20 mL/L of inoculum treated as described above, 

resulting in a 64 mL headspace. Each vessel was capped using butyl rubber stoppers and 

aluminum crimp caps (Sigma-Aldrich), after which bottles were transferred to HT Multitron 

stackable incubators (Infors AG, Bottmingen, Switzerland). These incubators were set for 

orbital shaking at 100 rpm at 22.0±1.0 °C.
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Background of OECD 301F

The molecular formula of the substrate can be used to determine the Theoretical Oxygen 

Demand (ThOD), which indicates how much oxygen is needed to fully mineralize the 

whole molecule. Together with substrate concentration the ThOD can be used to 

convert measured oxygen consumption into percentage biodegradation. The OECD 

301F Manometric Respirometry Test describes how biodegradation can be quantified 

by a change in pressure when the resulting CO
2
 is absorbed by a suitable adsorbent e.g. 

sodium or potassium hydroxide.[139] The OECD 301F relies on a manometer built into a 

measurement device which can be directly screwed onto suitable vessels, sealing the 

contents (see Figure S1). Biodegradation of an organic molecule consumes oxygen and 

produces CO
2
 which is released from solution or converted further into carbonates (CO

3
2-

). CO
2
 in the headspace eventually comes into contact with e.g. KOH, which reacts with 

the CO
2
 to form KHCO

3
 and, ultimately, K

2
CO

3
. The net effect is a decrease in air pressure, 

as gaseous oxygen is converted into solid carbonates. The measuring head contains a 

pressure sensor and automatically converts measurements of decreasing air pressure into 

oxygen consumption.

Figure S1: Schematic representation of AutMR system.
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Figure S2 (left): Benzoate control and 13.6 mg/L CPC without sorbent. Mean ± SD. Figure S3 (right): 
Benzoate control and 20 mg/L CTAB without sorbent. Mean ± SD.

Figure S4 (left): Results of 13.6 mg/L CPC with no sorbent and at 20 g/L SiO
2
 or 20 g/L C-ill (Illite). Mean 

± SD. Figure S5 (right): Results of 20 mg/L CTAB with no sorbent and at 6 g/L SiO
2
 or 1.8 g/L C-ill (Illite). 

Mean ± SD. SD area fill has been applied to SiO
2
 and C-ill to emphasize overlap.
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Figure S6 (left):Results of 13.6 mg/L CPC with 1.9 g/L IMt-1 (Illite) and 4 g/L C-ill (Illite). Mean ± SD. Figure 
S7 (right): Results of 13.6 mg/L CPC with 1.9 g/L IMt-2 (Illite) and 4 g/L C-ill (Illite). Mean ± SD.
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Figure S8 (left): Results of 13.6 mg/L CPC with 1.9 g/L IMt-1 (Illite) and 1.9 g/L IMt-2 (Illite). Mean ± SD. 
SD area fill has been applied to emphasize overlap. Figure S9 (right): Results of 13.6 mg/L CPC with 12 
g/L KGa-2 (Kaolinite) and 0.4 g/L SAz-2 (Ca-Montmorillonite). Mean ± SD. SD area fill has been applied 
to emphasize overlap. It can be observed variability is highest in the second half of the biodegradation 
phase, and decreases again when plateau is approached.

Figure S10 (left): Results of 13.6 mg/L CPC with 0.4 g/L SCa-3 (Montmorillonite) and 0.5 g/L C-ben 
(Bentonite). Mean ± SD. SD area fill has been applied to emphasize overlap. Variability is low for C-ben 
and the first 60 days for SCa-3, but increases significantly in the second half of the SCa-3 curve. This could 
be indicative of inoculum instability after prolonged incubation in a sealed system. Figure S11 (right): 
Results of 13.6 mg/L CPC with 1.9 g/L IMt-1 (Illite) and 1.9 g/L IMt-2 (Illite), compared with 12 g/L KGa-2 
(Kaolinite). Mean ± SD. SD area fill has been applied to emphasize overlap.
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Figure S12 (left): Results of 20 mg/L CTAB with 1.8 g/L C-ill (Illite) and no sorbent. Mean ± SD. SD area fill 
has been applied to emphasize overlap. Figure S13 (right): Results of 20 mg/L CTAB with 1.8 g/L IMt-1 
(Illite) and no sorbent. Mean ± SD. SD area fill has been applied to emphasize overlap.

Figure S14 (left): Results of 20 mg/L CTAB with 1.8 g/L IMt-2 (Illite) and no sorbent. Mean ± SD. SD 
area fill has been applied to emphasize overlap. Figure S15 (right): Results of 20 mg/L CTAB with 1.8 
g/L C-ill (Illite), 1.8 g/L IMt-1 (Illite), and 1.8 g/L IMt-2 (Illite). Mean ± SD. SD area fill has been applied to 
emphasize overlap.
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Figure S16 (left): Results of 20 mg/L CTAB with 20 g/L KGa-2 (Kaolinite) and no sorbent. Mean ± SD. SD 
area fill has been applied to emphasize overlap. Figure S17 (right): Results of 20 mg/L CTAB with 0.4 g/L 
SAz-2 (Ca-Montmorillonite) and no sorbent. Mean ± SD. SD area fill has been applied to emphasize overlap.

Figure S18 (left): Results of 20 mg/L CTAB with 0.5 g/L C-ben (Bentonite) and no sorbent. Mean ± SD. SD 
area fill has been applied to emphasize overlap. Figure S19 (right): Results of 20 mg/L CTAB with 0.5 g/L 
SCa-3 (Montmorillonite) and no sorbent. Mean ± SD. SD area fill has been applied to emphasize overlap.
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Figure S20: Results of 20 mg/L CTAB with 0.4 g/L SAz-2 (Ca-Montmorillonite), 0.5 g/L SCa-3 
(Montmorillonite), and 0.5 g/L C-ben (Bentonite). Mean ± SD. SD area fill has been applied to emphasize 
overlap.

Figure S21: Results of 20 mg/L CTAB with 0.5 g/L SCa-3 (Montmorillonite), 0.5 g/L C-ben (Bentonite), and 
20 g/L KGa-2 (Kaolinite). Mean ± SD. SD area fill has been applied to emphasize overlap.
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The scope of my project was to improve environmental risk assessment of cationic 

chemicals, specifically looking at cationic surfactants. In order to achieve this, I tried to 

improve understanding of the behavior of cationic surfactants and the mechanisms 

that underlie their sorption to environmentally relevant matrices. In addition, I devoted 

a significant portion of my project to elucidate the impact of sorption on bioavailability, 

bioaccessibility, and toxicity in biodegradability studies as well as in vitro toxicity assays. 

The summary and discussion below will illustrate how the various objectives associated 

with the scope of this project were handled, placing my findings in perspective of 

environmental risk assessment.

Analytical Challenges: Avoiding Losses in Aqueous Samples

As described in Chapter 1, one of the main goals of my project was to identify analytical 

limitations and the challenges when using typical laboratory techniques to analyze cationic 

surfactants in  various samples. In order to evaluate these challenges, first analytical 

methods for the selected cationic surfactants needed to be developed. For most cationic 

surfactants the LC-MS/MS performed best for concentrations between 5 nM and 20 µM. 

Since all aqueous samples were diluted 1:4 with an acidic eluent solvent mixture (90% 

methanol with 0.1% (v/v) TFA), the effective LOQ for aqueous samples was approximately 

20 nM (Chapter 2). For analysis by LC-MS/MS, samples should contain virtually no inorganic 

salts or suspended colloidal material. In order to properly isolate and concentrate cationic 

surfactants from aqueous samples, the performance of a weak-cation exchange (WCX) 

based solid phase extraction (SPE) column was evaluated in detail. Oasis WCX-SPE columns 

displayed a recovery ≥80% for all 30 cationic surfactants tested, and ≥90% for 16 of these 

(Chapter 2). These relatively high recoveries prove my SPE protocol can thus be used 

to extract cationic surfactants from aqueous samples. I was also able to prove strong 

retention of analyte when flushing the SPE columns with solvents at neutral pH to remove 

organic neutral components, and flushing the SPE columns with acidified water to remove 

inorganic salts. My results further indicate that WCX material is also effective for complex 

technical cationic surfactant mixtures and environmental samples, as long as the ion-

exchange capacity of the WCX material is not exceeded.

Glass binding of simple primary and quaternary amines was found to correlate with alkyl 

chain length, and increases considerably above a certain alkyl chain length. Losses from 

the aqueous phase to the glass surface were highest in small volume autosampler vials 

(1.5 mL), which is probably related to the higher surface-to-volume ratio for small volume 
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vials. At a nominal concentration of 0.3 µM I observed binding of 40% at an alkyl chain 

length of 12 carbon atoms for QACs, while for primary amines binding approached 60%. 

However, losses in larger volume vessels can still be considerable (20-60%) for alkyl chain 

lengths of ≥16 carbon atoms (Chapter 2). As expected based on the charge delocalizing 

effect of methylated headgroups, the sorptive effects appear to be more challenging 

for ionizable amines in comparison with analogue quaternary ammonium compounds 

(QACs), and are concentration dependent due to saturation of surface sorption sites. This 

means that for small volume vials such as autosampler vials, relative losses become smaller 

at higher concentrations, and are generally lower for QACs of comparable alkyl chain 

lengths. Obviously, if these effects are not taken into consideration, actual freely dissolved 

concentrations in either test systems or samples for analysis may be up to an order of 

magnitude lower than intended.

I also found significant binding of cationic surfactants to the outside of pipette tips, which 

might be co-extracted upon transferring samples to solvent containing vials. Pipette tip 

binding was only significant for longer alkyl chain lengths – with sorption of 10-20%, I 

expect issues for alkyl chain lengths ≥18 carbon atoms – and showed a more pronounced 

concentration dependency than glass binding (Chapter 2). Still, the combination of 

pipette tip binding and sorption to glassware can significantly decrease the freely dissolved 

concentration in aqueous samples and interfere with mass balance based calculations. 

The impact of surfactants sorbing to the outside of pipette tips can be diminished by 

not submerging the pipette tip in the sample solution during pipetting. The impact of 

surfactant sorbing to the inside of pipette tips can be minimized by always transferring 

samples to solvent, flushing the pipette tip several times with this solvent. This would 

simultaneously serve to prevent binding of cationic surfactant to the glass wall of sample 

vials.

Suitability of SPME to Sample Cationic Surfactants

Recent studies from our lab indicated that freely dissolved cationic surfactants were readily 

equilibrating with polyacrylate solid-phase microextraction (PA-SPME) samplers [78, 79, 

172]. This should allow for accurate measurements of dissolved concentrations in all kinds 

of suspensions used in sorption or toxicity studies, without pipetting aqueous samples 

or using WCX-SPE columns, as long as partitioning coefficients between PA-SPME fibers 

and dissolved concentrations are constant and well-established. I thus aimed to establish 

PA-SPME sorption coefficients for a wide range of cationic surfactants by testing various 
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structural families. However, when performing passive sampling experiments with PA-

SPME for the series of cationic surfactants described previously, I found relatively large 

(>1 order of magnitude) variability, seemingly dependent on alkyl chain length as well 

as number of alkyl chains (Chapter 2). The used batch of PA-SPME fibers was therefore 

deemed unsuitable to determine freely dissolved concentrations for compounds with 

an alkyl chain length ≥14 carbon atoms, and I strongly advise to include calibration sets 

within each experiment.

PA-SPME uptake kinetics for a QAC and a primary amine, both with an alkyl chain length of 

12 carbon atoms, were sufficiently rapid to use overnight exposure, although uptake of the 

neutral form of the primary amine was slower; an effect that increases in significance with 

increasing coating thickness, supporting my hypothesis that the neutral form is absorbed 

rather than adsorbed. I therefore advise that implementation of the PA coating at alkaline 

pH should be subject to additional testing, although it should be noted that the impact of 

coating thickness was much less significant at alkaline pH. Ionic composition of exposure 

medium was also investigated, and I conclude that shifting from 100 mM Na+ to 10 mM 

Ca2+ leads to an order of magnitude decrease of apparent affinity for the PA-SPME fiber for 

both the QAC and the primary amine. Since I also found minor pH-dependence of fiber 

affinity with the QAC, the number of ion-exchange groups on the PA coating surface may 

not be constant, as surface acid groups with pK
a
 values between 6 and 10 likely exist. This 

further underscores our advice to always include a calibration set in the exact same media 

as applied in the test samples. However, the observed high variation in SPME replicates – 

up to 0.8 log units between fibers exposed to the same aqueous concentration – should 

be taken into account when using this sampling material. Since the surface properties of 

PA remain unclear, we suggest that other ion-exchange based samplers may prove to 

have more consistent sampling efficiency.

Further Passive Sampler Evaluations with Organic Cations

In the quest for a suitable SPME sorbent material for cationic surfactants, I determined 

sorption affinity to the alternative ion-exchange sampler material C18/SCX (based on 

propylsulfonate) for several series of cationic C
x
H

y
N structures, mostly smaller compounds 

with an alkyl chain length up to 12 carbon atoms. These simple cationic structures allowed 

for straightforward evaluation of the influence amine type, alkyl chain length, presence of 

an aromatic ring, and alkyl chain branching on sorption affinity. Aqueous concentrations 

used to construct sorption isotherms spanned at least two orders of magnitude, and show 
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nonlinear sorption above fiber concentrations of 10 mmol/L, hinting at competition effects 

when sorption sites become saturated. I conclude sorption to the C18/SCX fiber is linear 

up to a fiber concentration of 1 mmol/L, as slopes of the resulting isotherms were close 

to 1 on a logarithmic scale (Chapter 3). Using the sorption affinities as extracted from 

these isotherms, I was able to estimate fragment contribution values for aliphatic carbons, 

aromatic carbons, and charged nitrogen moieties. Lower sorption affinity of QACs due to 

the more extensive charge localization around the nitrogen atom could also be explained 

with my data set. Significant contribution of neutral species could be ruled out, since all 

amines were tested as ≥99.9% ionized.

The cationic surfactant with the longest alkyl chain tested with the C18/SCX fiber was a 

diethanolamine with an alkyl chain length of 12 carbon atoms (C12-DEA). C12-DEA had 

a fiber/water distribution coefficient of ~35,000. This leads me to hypothesize that the 

applicability domain of the C18/SCX fiber for cationic surfactants is limited to alkyl chain 

lengths of 14 or perhaps 16 carbon atoms. In case of longer alkyl chain lengths SPME with 

C18/SCX fibers will become exhaustive. For such analytes, a large polymer backbone with 

a lower density of SCX groups or utilization of weak cation exchange material might be 

better. The use of porous coatings can significantly increase the exposed surface area, 

which will enhance sorption efficiency, especially for cationic surfactants. However, for 

longer alkyl chain lengths this might be counterproductive, as sorption affinity will likely 

become too high.

Together with several environmental toxicologists and exposure scientists from IRAS that 

were all interested in developing a sampler tool for organic cations, I then tested a set of 

14 different pharmaceuticals, most of which were ≥98% cationic at test pH, and found 

relatively high sorption affinities to the C18/SCX fiber (Chapter 3). Considering the fact that 

ionized compounds have relatively high aqueous solubility, most cationic species sorbed 

stronger than expected. Especially for neutral benzodiazepine compounds, sorption affinity 

appears to be unrelated to K
OW

. This underscores the importance of relevant molecular 

descriptors as an alternative for K
OW

, as further described and elucidated in Chapter 5. 

Interestingly, the anionic diclofenac also showed substantial sorption to the C18/SCX 

fiber, while it was expected the negatively charged SCX groups would repulse anionic 

molecules. Testing nicotine, difenzoquat, and verapamil we were able to obtain similar or 

better results with the C18/SCX fiber than with ion exchange membranes [219], although 

the cation exchange capacity is lower and sorption therefore levels off at lower sorbed 

concentrations. I hypothesize that these improved results might be due to the porosity of 
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the C18/SCX fiber coating, which allows increased accessibility for high molecular weight 

compounds (Chapter 3). However, this increased porosity may also have disadvantages 

such as fouling with serum albumin, which was indeed found to be higher than for ion 

exchange membranes at high serum albumin concentrations.

Cytotoxic Potency Ranking of Cationic Surfactants with Increasing Alkyl 
Chain Lengths

The sorption of cationic surfactants to laboratory equipment and other surfaces can also 

cause difficulties when interpreting the results of in vitro toxicity assays. Sorption to well 

plate plastic, pipette tips (during dosing as well as sampling; Chapter 2), and medium 

constituents such as serum albumin (Chapter 4) can significantly decrease the freely 

dissolved exposure concentration, while nominal concentrations are regularly used to 

extract toxicity parameters. I therefore decided to use a series of benzalkonium chloride 

surfactants with increasing alkyl chain length to evaluate and quantify how nominal 

concentrations correspond with actual exposure concentrations. I decided to use a cell 

assay that does not require the use of serum-enriched medium during exposure. This 

allowed using a simple and clear medium containing mostly dissolved salts and nutrients, 

absolving the need to employ SPME or sample clean up techniques.

By using measured exposure concentrations rather than nominal concentrations, I was 

able to determine that toxic potency of benzalkonium chlorides increases with alkyl chain 

length, while the extent of binding to well plate plastic is also dependent on alkyl chain 

length. Thus, the impact of plastic sorption on apparent cytotoxicity increases significantly 

for more hydrophobic compounds. My results further show that sorption to serum 

constituents can also influence apparent toxic potency. For alkyl chain lengths ≤10 carbon 

atoms nominal concentrations are suitable to describe toxic potency, as sorption to well 

plate plastic and serum constituents is limited. However, with longer alkyl chain lengths 

the freely dissolved fraction can be reduced by a factor 30 due to these sorptive losses. 

I also conclude that assay conditions such as cell density, exposure time, and repeated 

dosing can influence apparent toxic potency as well.

I propose that, based on these findings, the free concentration in exposure medium should 

be used to evaluate cytotoxic potency of benzalkonium chlorides, and possibly all cationic 

surfactants, with an alkyl chain length of >10 carbon atoms. The analytical challenges 

associated with determination of the free concentration far outweigh the impact of 
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reporting unverified exposure concentrations in toxicity assays, especially if these data are 

used in further risk assessment. Using intracellular or membrane concentrations to evaluate 

cytotoxic potency may further improve comparability of results between assays, and 

allows for accurate extrapolation from in vitro results to in vivo effects. While it is obviously 

difficult to quantify intracellular or membrane concentrations of surfactants analytically, 

some algorithms have been developed that can model distribution of chemicals in in vitro 

systems. However, since these models usually ultimately rely on a conversion factor based 

on K
OW

, we conclude such models are not yet very well applicable to surfactants with their 

amphiphilic properties. Once future studies gather more data for cationic compounds (e.g. 

surfactants, biocides, and pharmaceuticals) on sorption to well plate plastic and medium 

constituents, it may also be possible to predict or model the extent of sorption using an 

appropriate input parameter.

Membrane Water Partitioning Coefficients As Replacement For KOW

As K
OW

 is not a suitable parameter to model the sorptive behavior of cationic surfactants 

(Chapter 1), it is necessary to identify a feasible alternative hydrophobicity parameter, 

which can directly support risk assessment modeling. Phospholipid-water partitioning 

is a likely candidate to be a suitable input parameter for all kinds of models, especially 

models concerning binding to cell membranes of all living organisms. In order to 

determine sorption to membrane lipids, I used a commercially available solid-supported 

lipid membrane (SSLM) test kit, in which macroporous silica beads are coated with a 

phospholipid bilayer. Due to the high density of the fused silica core, these beads can 

be easily separated from the aqueous phase by centrifugation, rendering the aqueous 

compartment accessible for sampling. In order to apply the SSLM approach for cationic 

surfactants, I first optimized the existing SSLM protocol in order to overcome observed 

artefacts, as well as potential issues when applying SSLM to cationic surfactants. By 

transferring SSLM beads from well plate to autosampler vials, I was able to facilitate analysis 

and gain more control over the aqueous phase constituents (e.g. use of different buffer). 

An incubation time of 30 minutes was deemed sufficient to obtain sorption equilibrium. 

Overnight stability of centrifuged sample solution in autosampler vials was also confirmed, 

allowing for HPLC injections directly from the supernatant in the autosampler, which 

circumvents possible pipetting artefacts (Chapter 1). The pH dependent surface charge 

effects observed with silica-based stationary phases in immobilized artificial membrane 

(IAM) HPLC columns were ruled out for SSLM,[120] ensuring measurements in PBS relate 

to the partitioning coefficient of the ionic species into phospholipid bilayers only.

9
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My first series of experimental data with SSLM, however, suggested phospholipid leakage 

of approximately 1% in the well plate strips after thawing, influencing sorption isotherms 

for compounds with D
MW

 >10,000 L/kg (Chapter 5). This was observed in distinct sorption 

nonlinearity in original SSLM test solutions in the sorbent dilution series. Comparing a 

model assuming 1% leakage with these nonlinear isotherms confirmed my hypothesis, and 

confirmed that leakage increased the phospholipid content in the SSLM supernatant in a 

series with increasing sorbent. By renewing the original test kit medium with new medium, 

I was also able to simply remove third phase liposome artefacts caused by leaching of 

detached SSLM phospholipid material. I believe this finding of phospholipid leaching 

to be quite important, and my suggested solution of medium/buffer renewal will be of 

high significance for future experiments testing molecules with expected D
MW

 >10,000 

L/kg, which is in the range of cationic surfactants with alkyl chain lengths of more than 

10 carbon atoms.

Limitations of the SSLM Assay

I was able to demonstrate consistent and reproducibly constant phospholipid partitioning 

over multiple orders of magnitude by testing two or more conjoined SSLM dilution series 

using 16 different cationic surfactants, which were all tested well below their critical micelle 

concentration. By using methanol controls and extracts I could also prove that impact of 

glass binding did not contribute significantly to resulting D
MW

 values. With the two SSLM 

sorbent dilution series obtained as commercially available kits, I was able to test D
MW

 values 

above 1000 and 50 L/kg, respectively. At D
MW

 values above 300,000 L/kg (log D
MW

 ≥5.5), 

however, the balance between maximum allowable sorbed membrane concentration 

and the detection limit becomes critical, as the resulting aqueous concentration in the 

sorbent dilution series approaches the limit of detection at such high sorption affinities. 

In practice, this means that most single chain alkylamines and benzalkonium compounds 

can be tested up to an alkyl chain length of 12 carbon atoms, trimethylalkylammonium 

compounds up to an alkyl chain length of 14 carbon atoms, and secondary dialkylamines 

up to 8 carbon atoms per alkyl chain. It should be noted that the applicability domain of 

SSLM is not limited to cationic surfactants; recent developments have shown high-quality 

results with anionic surfactants and perfluoroalkyl anions.[118]
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Deriving QSARs and Comparison with Molecular Simulations

Ultimately, I used the data obtained for 19 compounds to derive a simple QSAR, taking into 

account head group type and alkyl chain length (Chapter 5). The QSAR was able to fit all 

compounds within a factor 3 of their experimental value, which is likely stemming from 

the fact that most cationic surfactants have relatively simple molecular structures with 

one or more alkyl chains. Development of a more broadly applicable QSAR would benefit 

from inclusion of more poly-alkyl compounds, and perhaps headgroups supplemented 

with additional hydrophilic moieties e.g. ethanolamine. The fragment value for CH
2
 

units of 0.6 log units seemed to be higher than expected based on analogue series of 

neutral compounds, although I expect CH
2
 units closer to the headgroup to contribute 

less to overall D
MW

. Also, consistently decreasing D
MW

 with increasing methylation of the 

headgroup was observed, contrasting typical D
OW

 based predictions. On the other hand, 

the benzalkonium headgroup increases D
MW

 by an order of magnitude. I also found that 

IAM-HPLC likely accounts insufficiently for the observed effect of headgroup methylation 

on D
MW

. Considering the SSLM bilayer is relatively fluid and mobile while IAM-HPLC consists 

of covalently bound monolayers, we suggest applying corrective increments on IAM-HPLC 

results.

Recent advancements in computer simulations using COSMOmic software provide for 

another alternative way of deriving D
MW

 values for cationic surfactants, for example in the 

absence of adequate testing material or as a relatively inexpensive pre-screening phase. 

An important advantage of the COSMOmic approach is that it accounts for both ionic 

properties of a chemical and the chemical’s three dimensional structure in its ideal position 

in the anisotropic membrane phase. Although slight differences between COSMOmic 

and SSLM data were observed, we conclude COSMOmic is able to correctly predict the 

effect of headgroup methylation on D
MW

. Scaling factors extracted from the QSAR model 

I constructed also correspond closely with commonly used K
OW

/D
OW

 based approaches 

used for organic bases, although my results with dialkylamines indicate that a single 

scaling factor cannot be applied to all secondary amines, as the presence of a second 

alkyl chain will impact D
MW

 very differently from that of a D
OW

 approach. For example, 

the D
MW

 of dihexylamine (total C
12

) is 2.2 log units lower than that of the single chain 

analogue N-methyldodecylamine(C
12+1

), while a difference in D
OW

 of only 0.5 log units is 

expected (based on one additional CH
2
). Dialkylamines are therefore of unique value to 

cross-validate different tools, as only the tools with truly high predictive value for actual 
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sorption to naturally occurring phospholipid membranes will be able to correctly predict 

sorption behavior of dialkylamines.

Sorbent-Modified Biodegradation of CTAB

Biodegradability studies are usually not supported with specific analyses, but employ 

various methods to determine production of CO
2
 or consumption of O

2
. The relatively high 

test concentrations required for such analyses can be problematic for chemicals that can 

exert toxic or inhibitory effects, such as long-chain cationic surfactants. I hypothesized this 

issue could be tackled in a stepwise approach, first determining a non-toxic concentration, 

then finding a suitable sorbent and determining the required sorbent concentration to 

mitigate potential inhibitory effects, and lastly running a biodegradability study employing 

a suitable amount of sorbent. I decided to first perform these steps with CTAB, as this 

compound has been used previously in an OECD ring trial where inhibitory effects were 

mitigated using silicon dioxide.[140]

I first determined the approximate concentration at which CTAB inhibits degradation of the 

reference compound aniline, which is 0.3 mg/L and up to two orders of magnitude lower 

than the recommended test concentration in standard biodegradation test protocols. 

Combining this data with sorption coefficients determined for SiO
2
 and illite clay, I was 

able to calculate how much sorbent to add to test systems to render freely dissolved 

concentrations below the threshold of inhibition. However, when testing this approach in 

a degradation experiment a high biodegradation rate of CTAB at 16.8 mg/L was observed. 

This might have been caused by CTAB selectively inhibiting aniline degrading microbes in 

the first experiment, or heterogeneity between the batches of inoculum prepared for these 

two experiments. As toxicity mitigation could not be evaluated in the absence of inhibitory 

effects, I decided to focus on lag-phase and bioaccessibility instead. In all sorbent groups 

the lag-phase was decreased, although some bioaccessibility effects were apparent at high 

sorbent concentrations. Average mass-balances were >90% for all treatment conditions. 

Sorbed fractions were in the same order of magnitude as what was expected based on 

the sorption experiment. However, glass binding was lower than what was expected 

based on the work described in Chapter 2. I also found that more extensive subsampling 

could increase recovery of sample combustion. Overall, I was able to demonstrate that 

with addition of a carefully determined amount of sorbent, it is possible to decrease freely 

dissolved concentration of a potentially inhibitory substrate to levels below the threshold 

of inhibitory effects. More specifically, for CTAB I can conclude that addition of a suitable 
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amount of sorbent had a substantial impact on the likelihood of satisfying the criteria for 

ready biodegradability.

Sorbent-Modified Biodegradation of CPC

I observed ready biodegradability for CPC at concentrations ≤100 µg/L, with indications of 

slight inhibitory effects at 300 µg/L and strong inhibitory effects at higher concentrations 

(Chapter 7). Together with the experimentally determined log K
D
 for SiO

2
 and illite clay (3.5 

and 4.5, respectively), I decreased the freely dissolved concentration to below 100 µg/L with 

additions of SiO
2
 and illite, when incubating CPC at nominal concentrations of 1 mg/L and 

10 mg/L. CPC at 100 µg/L was also incubated with SiO
2
 to assess bioaccessibility limitations, 

which I found at 4 g/L and 20 g/L and seemed to be concentration-dependent. At 1 mg/L 

I observed a three week lag-phase, which could be reduced significantly by applying SiO
2
 

as a mitigating sorbent, although I still observed bioaccessibility limitations at 20 g/L SiO
2
. 

With illite as mitigating sorbent bioaccessibility seemed to hinder biodegradation already 

at 4 g/L, while inhibitory effects were successfully mitigated at 0.8 g/L. CPC at 10 mg/L was 

not sufficiently bioaccessible with 20 g/L illite, while gradual biodegradation was observed 

with 20 g/L SiO
2
. Except for the 10 mg/L CPC samples, mass balances after 28 days of 

incubation were >80%; freely dissolved concentrations and amounts associated with 

sorbents were generally in agreement with expectations, which supports the suitability 

of my stepwise approach. However, I conclude there is a balance between mitigating 

effects and bioaccessibility limitations, which means appropriate sorbents and sorbent 

concentrations need to be established to maximize efficacy.

Optimizing the Sorbent-Modified Biodegradation Approach

Using automated manometric respirometry (AutMR) test systems, I exposed 13.6 mg/L CPC 

and 20 mg/L CTAB to seven clays sorbents, most of which were obtained from the Clay 

Minerals Society (CMS). Some of these clays were expansive or swelling clays, which can 

take up water in the interlayer between clay mineral sheets, causing them to increase in size 

significantly. Two batches of CMS illite (IMt-1 and IMt-2) and CMS kaolinite (KGa-2) provided 

optimal equilibrium between toxicity mitigation and bioaccessibility. Application of IMt-1 

and KGa-2 successfully mitigated inhibitory effects and biodegradation was sufficient 

to satisfy the criteria required to label CPC as readily biodegradable. With commercial 

bentonite (C-ben) and CMS montmorillonite (SCa-3), two swelling clays, I found a lag-

phase followed by gradual biodegradation. This is indicative of bioaccessibility limitations, 
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potentially caused by sorption of CPC in the poorly accessible interlayer. This effect was not 

observed for the CMS montmorillonite SAz-2; for this specific clay type the replacement of 

K+ and Na+ with Ca2+ might have impacted sorption behavior in the interlayer, which could 

have helped to maintain bioaccessibility. Overall, I observed mitigation of CPC inhibitory 

effects with all clay types tested, with increases in biodegradability and biodegradation 

rates in all instances (Chapter 8). Significant differences with results obtained with previous 

biodegradation experiments in Chapter 7 are likely due to the application of stirring in 

the manometric respirometry test systems, which is likely to have enhanced desorption 

kinetics [379].

When exposing the same seven clay sorbents to 20 mg/L CTAB, I found extensive 

biodegradation in the control vessels without sorbent. Sorbent efficacy was therefore 

evaluated by considering effects on lag-phase and plateau height. IM-1 and IMt-2 as well 

as the commercial illite C-ill all lead to faster biodegradation of CTAB. The observed plateau 

was 5-19% higher than control, which strongly indicates there were no bioaccessibility 

limitations. KGa-2 barely influenced plateau height or lag-phase duration, which is a 

remarkable difference with the results for CPC and KGa-2. The results I obtained for CTAB 

with SAz-2 and SCa-3 also indicate sufficient bioaccessibility, and with 19% higher plateau 

than control provide additional evidence that addition of suitable clay types can impact 

apparent biodegradability. Lastly, C-ben leads to a 13% higher plateau, with kinetics that 

are more comparable to the illite clays. Overall, for CTAB I conclude that, with addition 

of sorbents, biodegradation curves are steeper and lag-phases are shorter (Chapter 
8). Although my results indicate different efficacy per clay type when comparing CPC 

with CTAB, available literature suggests these findings are not uncommon [366, 399-404, 

434]. In my opinion the beneficial effects observed with application of clays could also 

be driven by biofilm formation. Although biofilm formation could not be evaluated in 

my thesis, elucidation of the extent and impact of biofilm formation in clay-amended 

biodegradability studies would help to further advance understanding of the underlying 

mechanisms. The sampling resolution and flexibility offered using AutMR systems makes 

them an excellent test system for biodegradability testing, especially for challenging 

compounds – such as cationic surfactants – which may require specifically designed test 

methods or prolonged test designs.
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General Conclusion

Altogether, the work presented in this thesis is relevant to improve environmental risk 

assessment of cationic surfactants. Insights from Chapter 2 and 3 are undoubtedly 

relevant and are vital to understand the general behavior of cationic molecules, although 

not all aspects will be applicable for all cationic molecules. All cationic surfactants with 

an alkyl chain length of ≥16 carbon atoms are analytically very challenging. Exposure 

concentrations in experiments with these compounds should be verified if possible. 

The fact that many molecules are cationic, including pharmaceuticals and high-volume 

discharged industrial chemicals (Chapter 1 and 3), further underscores the significance 

of improving environmental risk assessment for this group of chemicals. Analytical tools 

to isolate and/or sample organic cations are available, but require careful calibration 

at applied testing conditions. Although toxicity and environmental behavior of these 

chemicals remains to be understood in more detail, the work performed in Chapter 4 
and 5 helps to advance understanding of their behavior within in vitro toxicity assays and 

to identify suitable molecular descriptors (i.e. phospholipid distribution coefficients) for 

modeling purposes. Phospholipid distribution coefficients appear to be a key molecular 

descriptor to replace K
OW

, removing the uncertainties associated with K
OW

 in risk assessment 

of cationic surfactants and potentially all cationic molecules. The work on sorbent-

modified biodegradation assays allowed us to propose and improve a stepwise sorbent 

addition approach (Chapter 6, 7, and 8). Since negatively charged sorptive surfaces are 

encountered throughout the environment (e.g. activated sludge, sediment, biomass, 

dissolved organic carbon), applying a negatively charged but otherwise inert sorbent 

should increase environmental relevance of the obtained results of biodegradability 

studies. Automated manometric respirometry systems appear to be most suitable when 

applying mitigating sorbents in biodegradability studies.

Taken together, this thesis has provided several key insights that should be considered 

vital to properly handle, sample, and assess cationic surfactants. Since most methods 

ultimately depend on reliable analytical quantification, my evaluation of analytical 

challenges and their solutions is a critical addition to existing literature. Correctly applying 

my findings can prevent order-of-magnitude miscalculations of exposure concentration, 

(environmental) sample concentration, and apparent in vitro toxicity. Equally relevant in 

the context of environmental risk assessment is the proposed methodology to determine 

biodegradability using a stepwise sorbent-addition approach, which again can prevent 

order-of-magnitude underestimation of biodegradability.
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Mijn onderzoeksproject had als doel om de milieurisicobeoordeling van positief 

geladen stoffen te verbeteren, met name positief geladen oppervlakte-actieve stoffen 

(“kationische surfactanten”). Deze kationische surfactanten worden bijvoorbeeld gebruikt 

in wasverzachter, crèmespoeling, en mondwater, en komen in veel gevallen via de 

riolering in het milieu. Om de milieurisicobeoordeling voor deze stoffen te verbeteren 

heb ik geprobeerd om het gedrag van kationische surfactanten en de mechanismen 

die zorgen voor binding aan deeltjes of oppervlakken in het milieu (“sorptie”) beter te 

begrijpen. Sommige kationische surfactanten kunnen al bij relatief lage concentraties 

giftig zijn voor planten en dieren die in oppervlaktewater leven. De giftigheid (en tegelijk 

de biologische afbreekbaarheid) neemt echter af als deze stoffen gebonden zijn aan in 

het water zwevende deeltjes, of aan bodemsediment, want de gebonden fractie wordt 

niet direct opgenomen in organismen. Hetzelfde geldt wanneer de stoffen in standaard 

toxiciteitstesten sterk plakken aan de wanden van de test-container waar de dieren in 

blootgesteld worden. Een belangrijk deel van mijn project was gericht op het ophelderen 

van de impact van het sorptiegedrag van deze stoffen op diverse standaardmetingen die 

nodig zijn voor milieurisicobeoordeling. Dat begint bij de correcte analyse van opgeloste 

concentraties en het bepalen van stofeigenschappen die het chemische gedrag kunnen 

voorspellen. Daarna wordt dit in detail uitgewerkt bij het bepalen van giftigheid in testen 

met cellen gekweekt uit viskieuwen, en bij het uitvoeren van biologische afbreekbaarheid 

studies (biodegradatiestudies) met bacteriën uit een rioolwaterzuiveringsinstallatie.

In hoofdstuk 1 worden de uitdagingen en analytische beperkingen beschreven 

bij het identificeren en kwantificeren van kationische surfactanten met standaard 

laboratoriumtechnieken. Om deze uitdagingen en beperkingen in de praktijk te evalueren 

was het nodig om eerst analytische methodes op te zetten voor een groep van 30 

kationische surfactanten. Monsters met een concentratie tussen 0.001 en 4 mg/L konden 

nauwkeuring gemeten worden met behulp van LC-MS/MS (hoofdstuk 2). Met behulp 

van een Oasis weak-cation exchange (WCX) solid-phase extraction (SPE) kolom konden 

anorganische zouten en andere verontreinigingen uit de monsters gespoeld worden. 

De recovery na toepassing van WCX-SPE was ≥80% voor alle 30 kationische surfactanten 

die getest werden, en zelfs ≥90% voor 16 van de 30 (hoofdstuk 2). De resultaten wijzen 

ook uit dat WCX-SPE gebruikt kan worden voor technische mengsels van kationische 

surfactanten en complexe monsters uit het milieu, mits de bindingscapaciteit van het 

WCX materiaal niet wordt overschreden.
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Kationische verbindingen binden ook sterk aan glas en dit maakt experimenteren met 

deze stoffen niet eenvoudig. Glasbinding van simpele ioniseerbare en permanent geladen 

surfactanten bleek recht evenredig te zijn met de alkylketenlengte. Dit effect was het 

grootst in autosampler vials van 1.5 mL, waarschijnlijk door de ongunstige oppervlakte-

volume verhouding. Bij een alkylketenlengte van 12 koolstofatomen vond ik bij een 

concentratie van 300 nM een glasbinding van 40% voor quaternaire amines en 60% 

voor primaire amines. Doordat een groot deel van de moleculen gebonden zit aan het 

glaswerk levert dit dus aanzienlijk lagere opgeloste concentraties op dan gebaseerd op de 

nominaal toegevoegde hoeveelheid, vooral bij surfactanten met nog langere alkylketens. 

Bij alkylketenlengtes van 16 koolstofatomen of langer kan de glasbinding in glaswerk met 

een grotere inhoud echter nog steeds significant zijn (20-60%) (hoofdstuk 2). Ik heb 

ook ontdekt dat er significante binding van kationische surfactanten kan optreden aan 

de binnen- en buitenkant van pipetpuntjes. Als pipetpuntjes vervolgens deels worden 

ondergedompeld in vloeistoffen met een component organisch oplosmiddel kan deze 

gebonden fractie weer loslaten. Dit effect was het grootst voor langere alkylketenlengtes. 

Vanaf een alkylketenlengtes van 18 koolstofatomen verwacht ik aanzienlijke problemen 

met de nauwkeurigheid van watermonsters die met een pipet zijn genomen (hoofdstuk 
2). De impact kan verkleind worden door de buitenkant van pipetpuntjes niet onder te 

dompelen in oplosmiddel, en de binnenkant van de pipetpuntjes meerdere malen te 

spoelen met oplosmiddel. Gezien de eerder beschreven glasbinding is het sowieso aan 

te raden om monsters met kationische surfactanten altijd aan te lengen met organisch 

oplosmiddel voorafgaand aan de analyse, zodat glasbinding wordt tegengegaan. Uiteraard 

moeten al deze effecten meegewogen worden om betrouwbare uitspraken te doen over 

de representativiteit van gemeten concentraties in monsters voor de daadwerkelijke 

concentratie.

Uit eerder onderzoek is gebleken dat vrij opgeloste kationische surfactanten zich snel en 

gelijkmatig verdelen over fibers van polyacrylaat, zogenaamde solid-phase microextraction 

(SPME) fibers. Dit maakt het in theorie mogelijk om op een makkelijke en efficiënte manier 

opgeloste concentraties te bepalen, mits de verhouding tussen de concentratie in de fiber 

en de concentratie in oplossing bekend is en constant blijft. Deze SPME methodiek is in 

het verleden veelvuldig toegepast om vrij opgeloste concentraties van allerlei stoffen 

te meten en is een bruikbare methode om biologische beschikbaarheid te bestuderen. 

Mijn doel was om partitiecoëfficiënten te bepalen voor een serie van verschillende types 

kationische surfactanten, iets dat in de praktijk helaas niet haalbaar bleek te zijn omdat 

er veel variabiliteit was in de extracten van de SPME fibers (hoofdstuk 2). Gebaseerd 
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hierop heb ik moeten concluderen dat de gebruikte batch van polyacrylaat SPME-fibers 

niet geschikt was voor kationische surfactanten met een alkylketenlengte van meer dan 

12 koolstofatomen. Tevens adviseer ik om bij elk afzonderlijk experiment dat met SPME 

wordt uitgevoerd een set van kalibratiemonsters mee te nemen, om te kunnen corrigeren 

voor variabiliteit.

De opname in de SPME fibers van een primaire en quaternaire amine, beide met een 

alkylketenlengte van 12 koolstofatomen, was snel genoeg om de fibers na 24 uur 

blootstellen te meten. De opname van de ongeladen vorm van de primaire amine, dus 

met name bij hoge pH, was echter langzamer. Dit effect was meer significant met dikkere 

polyacrylaat coatings. Mijn hypothese is dat dit komt omdat de neutrale vorm wordt 

geabsorbeerd in het polyacrylaat polymeer en niet geadsorbeerd aan het oppervlak. 

Overigens vond ik ook een bescheiden pH-effect met de quaternaire amine, die eigenlijk 

alleen aan het oppervlak zou moeten binden. Dit is waarschijnlijk te verklaren doordat het 

aantal negatief geladen groepen aan de oppervlakte van de fiber afhankelijk is van de pH, 

omdat er zuurgroepen aanwezig zijn met een pK
a
 tussen 6 en 10. Dit soort eigenschappen 

van de gebruikte polyacrylaat fibers zijn niet nauwkeurig beschreven, daarom is mijn 

suggestie om ook naar de geschiktheid van andere fibers en samplers te kijken.

In de zoektocht naar een geschikte SPME coating voor kationische surfactanten heb ik 

vervolgens een SPME fiber getest die gebaseerd was op C18 en strong cation exchange 

(SCX) materiaal. Hierbij heb ik een gevarieerde set amines getest met een alkylketenlengte 

tot 12 koolstofatomen (hoofdstuk 3). Uit deze experimenten kan geconcludeerd worden 

dat de C18/SCX fibers lineaire sorptie laten zien tot aan een fiberconcentratie van 1 

mmol/L coating; boven deze concentratie treedt competitie op vanwege verzadiging 

van de anionische SCX-groepen. De gegenereerde data was voldoende om opname in 

de C18/SCX fiber provisorisch te modelleren. Mede gebaseerd op dit model schat ik dat 

dit type fiber geschikt is voor kationische surfactanten met een alkylketenlengte tot 14 of 

misschien zelfs 16 koolstofatomen. Bij langere alkylketenlengtes neemt de fiber vrijwel alle 

analyt op uit een oplossing van <100 mL. Voor zulke analyten zou een coating met een 

lagere dichtheid SCX-groepen of gebruik van WCX-materiaal (zoals in de SPE-kolommetjes) 

geschikt kunnen zijn. Het gebruik van poreuze coatings is hierbij een manier om de sorptie-

efficiëntie te verhogen bij kortere alkylketenlengtes, maar kan juist contraproductief 

uitpakken bij de langere alkylketenlengtes.
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In samenwerking met een aantal collega’s is ook een set van 14 werkzame farmaceutische 

stoffen getest met de C18/SCX fiber (hoofdstuk 3). De meeste van deze stoffen waren 

voor meer dan 98% geladen bij de pH in de matrix. De gevonden partitiecoëfficiënten 

waren, mede gezien de relatief hoge wateroplosbaarheid van geladen stoffen, hoger 

dan verwacht. Interessant is dat ook een aantal neutrale benzodiazepines relatief sterk 

aan de coating bonden, een effect dat niet verklaard kon worden met de octanol-water 

distributiecoëfficiënt (D
OW

). D
OW

 is een maat voor de oplosbaarheid van een stof in octanol 

ten opzichte van de oplosbaarheid in water en geeft aan hoe lipofiel een stof is. D
OW

 

wordt vaak gebruikt in modellen die het gedrag van moleculen proberen te simuleren of 

voorspellen. Het niet kunnen verklaren van de binding met behulp van D
OW

 onderschrijft 

het belang van relevante alternatieven, zoals beschreven in hoofdstuk 5. Terwijl de 

verwachting was dat de negatief geladen SCX-groepen de negatief geladen vorm van 

diclofenac (een pijnstiller) zouden afstoten, bleek ook diclofenac bij fysiologische pH met 

een sterke affiniteit aan de C18/SCX fiber te binden.

De binding van kationische surfactanten aan laboratoriumapparatuur en andere 

oppervlakken kan ook het interpreteren van in vitro toxiciteitsstudies beïnvloeden. 

Hierbij valt te denken aan binding aan multititerplaten (ook wel “wells plate” genoemd) 

en pipetpuntjes (hoofdstuk 2), maar ook aan eiwitten (zoals albumine) in het medium 

dat bij in vitro toxiciteitstesten wordt gebruikt (hoofdstuk 4). Dit kan de vrij opgeloste 

concentratie verlagen, terwijl resultaten van in vitro toxiciteitstesten vaak gebaseerd 

worden op de toegevoegde (nominale) concentratie. Om de impact van deze processen 

te onderzoeken heb ik daarom een serie van benzalkonium surfactanten met verschillende 

alkylketenlengtes getest (hoofdstuk 4). Hiervoor is een cellijn gebruikt van gekweekte 

kieuwcellen van regenboogforel. Bij dit type cellen is de toevoeging van serum en eiwitten 

niet noodzakelijk, waardoor de vrije concentratie bepaald kon worden zonder toepassing 

van SPME of andere extractietechnieken. Uit de resultaten bleek dat zowel toxiciteit als 

de mate van binding aan wells platen (plastic) toenam bij langere alkylketens. Tot een 

alkylketenlengte van 10 koolstofatomen zijn nominale concentraties afdoende om 

toxiciteit te beschrijven. Met langere alkylketens kan de vrije concentratie echter tot een 

factor 30 lager zijn dan de nominale concentratie. Tevens kwam naar voren dat zaken als 

celdichtheid, duur van blootstelling, en herhaaldelijk doseren een impact kunnen hebben 

op de gemeten in vitro toxiciteit.

Gebaseerd op deze resultaten is het mijn aanbeveling om de vrije concentratie te gebruiken 

om de toxiciteit te evalueren van benzalkonium surfactanten, en mogelijk alle kationische 
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surfactanten, met een alkylketenlengte van meer dan 10 koolstofatomen. Het gebruik 

van betrouwbare data is van zeer groot belang voor een gedegen risicobeoordeling. Het 

gebruik van membraan- of intracellulaire concentraties zou theoretisch nog beter zijn, en 

maken het mogelijk ook makkelijker om in vitro data te extrapoleren naar in vivo effecten. 

Hier zijn modellen voor beschikbaar, maar deze zijn gebaseerd op D
OW

, en zijn daarom 

niet algemeen toepasbaar voor surfactanten (hoofdstuk 1).

Partitie tussen fosfolipiden en water is een goede kandidaat om het gedrag en de 

accumulatie in organismen (bioaccumulatie) van ioniseerbare moleculen te kunnen 

modelleren, met name modellen gebaseerd op celmembranen. Om deze membraan-

water partitiecoëfficiënt (D
MW

) van kationische surfactanten te bepalen heb ik gebruik 

gemaakt van een commercieel beschikbare testkit. Deze testkit bevat parels van silica die 

gecoat zijn met een dubbele laag fosfolipiden (SSLM; solid supported lipid membrane), 

vergelijkbaar met natuurlijke celmembranen. Door de hoge dichtheid van de silica parels 

kunnen deze door kort centrifugeren makkelijk gescheiden worden van het vloeibare 

medium, waarin vervolgens de vrij opgeloste concentratie bemonsterd en gemeten 

kan worden. Voordat deze methode toegepast kon worden op kationische surfactanten 

moest het bestaande protocol aangepast worden. Hierbij heb ik ervoor gekozen om de 

parels over te brengen in autosampler vials, zodat deze na centrifugeren meteen in de 

autosampler geplaatst konden worden. Dit zorgde er tevens voor dat het eventuele binden 

van analyt aan pipetpuntjes (hoofdstuk 2) niet langer een potentieel probleem was.

Gebaseerd op mijn eerste SSLM-experimenten moest ik helaas concluderen dat ongeveer 

1% van de totale hoeveelheid fosfolipiden losliet van de silica parels en na centrifugeren 

nog in de vrij opgeloste vorm aanwezig was in het medium (hoofdstuk 5). Dit had met 

name een significante impact op kationische surfactanten met een D
MW

 groter dan 10.000 

L/kg. Door het originele medium van de testkit af te pipetteren en te vervangen met vers 

medium was het mogelijk om de losgelaten fosfolipiden te verwijderen. Het probleem van 

de “lekkende” fosfolipiden en de voorgestelde oplossing is erg belangrijk voor het accuraat 

testen van moleculen met een (verwachte) membraan-water distributiecoëfficiënt (D
MW

) 

groter dan 10.000 L/kg, bijvoorbeeld kationische surfactanten met een alkylketenlengte 

van meer dan 10 koolstofatomen. In de praktijk komt het erop neer dat alkylamines en 

benzalkonium surfactanten tot een alkylketenlengte van 12 koolstofatomen getest kunnen 

worden, en quaternaire alkylamines tot een alkylketenlengte van 14 koolstofatomen. SSLM 

is overigens ook geschikt voor D
MW

-bepaling van anionische surfactanten en perfluoralkyl-

anionen (PFAS).
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Uiteindelijk kon ik de data van 19 moleculen gebruiken om een simpele QSAR 

(quantitative structure-activity relationship) op te zetten, gebaseerd op type kopgroep 

en alkylketenlengte (hoofdstuk 5). Een QSAR beschrijft een verband tussen activiteit 

of “chemisch gedrag” en chemische structuur, en maakt het mogelijk activiteit en/of 

gedrag te voorspellen voor niet geteste stoffen. De met behulp van deze QSAR berekende 

D
MW

 lag voor alle 19 moleculen binnen een factor 3 van de experimentele waarde. In 

tegenstelling tot wat normaal wordt geacht bij voorspelling gebaseerd op D
OW

 bleek 

uit mijn QSAR dat het toevoegen van methylgroepen aan de kopgroep leidt tot een 

lagere D
MW

. De benzalkonium kopgroep had juist een sterk verhogende invloed op de 

D
MW

. Het effect van kopgroep-methylatie wordt waarschijnlijk onderschat bij “IAM-HPLC”-

metingen van D
MW

. IAM staat voor “immobilized artificial membrane”, en betekent dat er 

gebruik wordt gemaakt van fosfolipiden die permanent gebonden zijn aan de HPLC-kolom. 

Fragmentwaarden bepaald voor additionele CH
2
-subunits zijn daarnaast niet zonder meer 

toepasbaar op moleculen met meer dan één alkylketen. Dit maakt kationische surfactanten 

met meerdere alkylketens uitzonderlijk goed geschikt voor kruisvalidatie van verschillende 

modellen omdat alleen modellen, die op de juiste manier kunnen differentiëren tussen 

één of meer alkylketens, deze moleculen correct zullen modelleren.

Met de huidige stand van de computertechniek is het steeds eenvoudiger om simulaties 

uit te voeren met molecuulstructuren. De D
MW

 van kationische surfactanten blijkt ook te 

berekenen met dit soort computermodellen, bijvoorbeeld met behulp van de COSMOmic 

software. COSMOmic is een programma dat gebruik maakt van kwantumchemische 

berekeningen om de oriëntatie en het gedrag van moleculen in bijvoorbeeld water of 

een celmembraan te simuleren. Het voordeel van COSMOmic is dat deze software zowel 

de elektrostatische eigenschappen als de geoptimaliseerde driedimensionale structuur 

van het molecuul binnen het anisotrope fosfolipidenmembraan meeweegt. Ondanks dat 

er kleine verschillen waren tussen simulaties met COSMOmic en de experimentele SSLM-

data, kan ik concluderen dat COSMOmic het effect van kopgroep-methylatie correct kan 

modelleren. Daarnaast is het zeer interessant dat COSMOmic ook in staat is om het gedrag 

van kationische surfactanten met twee alkylketens correct te simuleren.

Een tweede belangrijk aspect in mijn onderzoek was het bestuderen van de 

afbreekbaarheid van kationische surfactanten door bacteriën (biodegradatie) en met 

name het belang van biologische beschikbaarheid bij deze afbraak. Meestal wordt bij 

de uitvoering van biodegradatietesten geen analytiek gebruikt, maar wordt de mate van 

biodegradatie bepaald door het meten van CO
2
-productie of O

2
-consumptie. Voor dit type 
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metingen zijn relatief hoge concentraties teststof nodig, waardoor de gebruikte bacteriën 

last kunnen hebben van toxische of remmende effecten. Mijn hypothese was dat er een 

stapsgewijze aanpak moet zijn om dit probleem te omzeilen. Eerst moet een veilige 

concentratie vastgesteld worden, gevolgd door het vinden van een geschikt sorbent. 

Dan moet bepaald worden wat de benodigde sorbent-concentratie is om potentieel 

negatieve effecten tegen te gaan. Tot slot kan een biodegradatietest uitgevoerd worden 

met de juiste hoeveelheid sorbent. Ik besloot om deze hypothese als eerste te testen met 

de kationische surfactant CTAB (cetyltrimethylammonium bromide; hoofdstuk 6), omdat 

deze stof ook bij een groot vergelijkend onderzoek over meerdere Europese laboratoria 

is gebruikt.

CTAB remt de degradatie van de referentiestof aniline bij een concentratie van 0.3 

mg/L, wat bijna 100 keer lager is dan de voorgeschreven concentratie in een standaard 

biodegradatietest. Dit betekent dat voor het gericht bepalen van de biodegradatie de 

concentratie onder de 0.3 mg/L moet zijn, omdat verwacht wordt dat bij concentraties 

boven de 0.3 mg/L de remming toeneemt waardoor mogelijk geen biodegradatie meer 

optreedt. Gebaseerd op de sorptiecoëfficiënt van CTAB voor SiO2 (silicium dioxide) en illiet 

(klei) was ik in staat om te berekenen hoeveel sorbent nodig was om de vrije concentratie 

CTAB onder de grens van 0.3 mg/L te brengen. Bij de toepassing van deze aanpak bleek 

echter dat er significante biodegradatie van CTAB optrad bij een vrije concentratie van 

16.8 mg/L. Door de onverwachte afwezigheid van remmende effecten was het niet 

mogelijk om de potentie om remmende effecten te verminderen te evalueren, en is de 

focus verschoven naar beoordelen van de biologische beschikbaarheid en lag-fase. De 

lag-fase is een veelvoorkomende periode van enkele dagen tot weken aan het begin 

van een biodegradatiestudie, waarbij het lijkt alsof er geen afbraak optreedt omdat de 

bacteriën zich nog moeten aanpassen. Deze lag-fase was korter in alle groepen met 

sorbent, maar er was ook een verminderde beschikbaarheid bij de hoge concentraties 

sorbent. De mate van sorptie was in overeenstemming met berekeningen gebaseerd 

op de sorptiecoëfficiënten. Binding aan glaswerk was echter minder sterk dan verwacht 

op basis van het werk in hoofdstuk 2. De gecombineerde resultaten laten zien dat het 

mogelijk is om met toevoeging van een nauwkeurig berekende hoeveelheid sorbent 

potentieel remmende effecten tegen te gaan. In het specifieke geval van CTAB heeft dat 

ertoe geleid dat de criteria voor snelle afbraak makkelijker worden behaald.

Bij eenzelfde soort experiment met CPC (cetylpyridinium chloride; een kationische 

surfactant) vond ik snelle afbraak bij een vrije concentratie onder de 100 µg/L, met 
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licht remmende effecten vanaf 300 µg/L en sterke remming bij hogere concentraties 

(hoofdstuk 7). Zoals hierboven beschreven voor CTAB heb ik ook voor CPC met behulp 

van SiO
2
 en illiet de vrije concentratie tot onder de 100 µg/L gebracht, bij nominale 

concentraties van 1 en 10 mg/L. Bij 1 mg/L was er sprake van een lag-fase van 3 weken, 

die significant korter werd door toevoeging van SiO
2
, al waren er wel problemen met 

verminderde biologische beschikbaarheid bij 20 g/L SiO
2
. Met illiet trad dit effect ook 

op bij 4 g/L, maar bij 0.8 g/L was er wel duidelijk sprake van vermindering van de 

remmende effecten van CPC. Een concentratie CPC van 10 mg/L was niet voldoende 

biologisch beschikbaar na toevoeging van 20 g/L illite, maar met toevoeging van 20 

g/L SiO
2
 was er een zeer geleidelijke biodegradatie. Het lijkt er dus op dat er een balans 

is tussen vermindering van remmende effecten en vermindering van de biologische 

beschikbaarheid, waardoor de hoeveelheid sorbent goed moet worden afgestemd op 

de te testen stof om gunstige effecten te maximaliseren.

De in hoofdstuk 7 en 8 toegepaste biodegradatietest maakt gebruik van grote 

hoeveelheden replica’s per tijdspunt. Om de efficiëntie van de test en het detail van 

de metingen te verhogen, heb ik ook een systeem met automatische manometrische 

respirometers gebruikt, die het biodegradatieproces in het testsysteem vrijwel continu 

kunnen volgen gedurende de hele testperiode. Manometrische respirometers zijn in staat 

om het zuurstofverbruik (respiratie) te meten door gebruik van een drukmeter (manometer). 

Deze manometrische systemen heb ik gebruikt om de hoge concentraties van CPC (13.6 

mg/L) en CTAB (20 mg/L) opnieuw te testen, in combinatie met zeven verschillende 

soorten klei. Sommige soorten klei waren zogenaamde zwelklei, die water kunnen 

opnemen en daardoor opzwellen, en mede als gevolg van het opzwellen zeer effectief 

kationische surfactanten kunnen binden. Alle soorten klei waren in staat om remmende 

effecten van CPC te verminderen, met versnelde afbraak en een hoger percentage afbraak 

tot gevolg (hoofdstuk 8). De verschillen met hoofdstuk 7 zijn waarschijnlijk deels te 

verklaren door het feit dat de respirometer-systemen actief geroerd worden, waardoor 

desorptie en diffusie versneld kunnen worden. De optimale balans tussen vermindering 

van ongewenste remmende effecten en behoud van biologische beschikbaarheid werd 

behaald met twee verschillende soorten illiet (IMt-1 en IMt-2) en kaolien (KGa-2). IMt-1 en 

KGa-2 waren zelfs zo effectief dat CPC als snel afbreekbaar kon worden geclassificeerd bij 

deze hoge concentratie. Met bentoniet (C-ben) en montmorilloniet (SCa-3), twee soorten 

zwelklei, was er langzame en geleidelijke afbraak na een korte lag-fase, wat zou kunnen 

wijzen op beperkte biologische beschikbaarheid. Voor een andere soort montmorilloniet 
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(SAz-2) was dit effect niet aanwezig, wellicht doordat K+ en Na+ in SAz-2 vervangen waren 

met Ca2+, waardoor het sorptiegedrag anders kan zijn geweest.

In het experiment met CTAB en de zeven kleisoorten vond ik omvangrijke afbraak in de 

flessen zonder sorbent. Hierdoor was ik genoodzaakt om vooral naar effecten op de lag-

fase en plateauhoogte te kijken. IMt-1, IMt-2, en commercieel beschikbare illiet (C-ill) leiden 

alle drie tot een snellere afbraak. Het plateau was 6 tot 19% hoger; een sterke aanwijzing 

dat biologische beschikbaarheid ruim voldoende was. KGa-2 had nauwelijks invloed, terwijl 

deze kleisoort bij CPC juist wel een significant effect had. De resultaten met SAz-2 en SCa-3 

wijzen ook op een voldoende biologische beschikbaarheid. Vanwege het 19% hogere 

plateau leveren deze twee soorten zwelklei daarmee nog meer bewijs voor de juistheid 

van mijn hypothese, dat correct toepassen van het juiste sorbent remmende effecten kan 

verminderen en zo de mate van biodegradatie kan verhogen. Toevoeging van C-ben leidt 

tot een 13% hoger plateau, met kinetiek die het meest lijkt op die van de drie soorten illiet. 

Mijn uiteindelijke conclusie is dat toepassing van sorbent ervoor zorgt dat de biodegradatie 

van CTAB sneller verloopt, en dat de lag-fase significant korter wordt (hoofdstuk 8).

De resultaten van mijn promotieonderzoek kunnen relevant zijn bij het verbeteren van de 

milieurisicobeoordeling van kationische surfactanten. Inzichten uit hoofdstuk 2 en 3 zijn 

essentieel om het gedrag van kationische moleculen te begrijpen, al zal niet elk aspect 

van toepassing zijn op elk kationisch molecuul. Alle kationische surfactanten met een 

alkylketenlengte van 16 koolstofatomen of langer zijn zeer uitdagend om mee te werken. 

Indien mogelijk moeten experimentele concentraties door analytische ondersteuning 

geverifieerd worden. Het feit dat veel moleculen positief geladen zijn, waaronder veel 

farmaceutische stoffen en stoffen met industriële of huishoudelijke toepassingen die 

in grote volumes in het milieu kunnen belanden (hoofdstuk 1 en 3), is in mijn ogen 

een belangrijk argument om de milieurisicobeoordeling voor deze groep chemicaliën 

verder te verbeteren. Er bestaan hulpmiddelen om organische kationen te isoleren of 

bemonsteren, maar het is altijd zaak om deze hulpmiddelen nauwkeurig te kalibreren. 

Hoewel de toxiciteit en het gedrag in het milieu van kationische surfactanten nog beter 

bestudeerd moeten worden draagt het werk in hoofdstuk 4 en 5 bij aan meer begrip met 

betrekking tot het gedrag in in vitro toxiciteitsscreening, en bij het bepalen van geschikte 

parameters voor model-simulaties. De partitiecoëfficiënt naar fosfolipidemembranen kan 

naar mijn mening een sleutelrol vervullen bij de vervanging van D
OW

 in risicomodellen, 

zeker bij het schatten van toxiciteit en bioaccumulatie. De stapsgewijze aanpak voor 

de toevoeging van sorbent aan biodegradatietesten (hoofdstuk 6, 7 en 8) kan de 



285

Nederlandse Samenvatting

relevantie van onderzoeksresultaten voor het milieu vergroten, omdat overal in het milieu 

negatief geladen oppervlakken voorkomen (actief slib, sediment, biomassa, humuszuren). 

Sommige kationische surfactanten worden zelfs wereldwijd teruggevonden in sedimenten 

van rivieren en oceanen. Automatische manometrische respirometers lijken vanwege 

hun hoge meetfrequentie en flexibiliteit bij uitstek geschikt voor standaardisering van 

biodegradatie testen met stoffen zoals kationische surfactanten in combinatie met 

sorbents, en detailonderzoek naar onderliggende processen.

Mijn onderzoek heeft enkele belangrijke inzichten opgeleverd die helpen bij het correct 

omgaan, bemonsteren, en beoordelen van kationische surfactanten. Aangezien de meeste 

methodes uiteindelijk afhankelijk zijn van betrouwbare analytische kwantificatie is mijn 

evaluatie van de uitdagingen die ontstaan bij de chemische analyse een belangrijke 

bijdrage aan de bestaande literatuur. Het correct toepassen van mijn bevindingen 

kan voorkomen dat er meetfouten van een factor 10 tot 1.000 gemaakt worden bij 

het bepalen van concentraties in toxiciteitsscreenings of van monsters uit het milieu. 

Van vergelijkbaar belang is de voorgestelde stapsgewijze toepassing van sorbent in 

biodegradatietesten, waarmee meetfouten met een factor 10 tot 100 bij de bepaling 

van de afbreekbaarheid van kationische surfactanten voorkomen kunnen worden. De 

beoordeling van stoffen die belangrijk zijn omdat ze dagelijks in onze samenleving worden 

gebruikt, kan dankzij mijn onderzoek voor kationische surfactanten worden aangevuld 

met sterk verbeterde experimentele parameters. Daarmee draagt mijn werk eraan bij dat 

de milieurisicobeoordeling sterk verbeterd kan worden.
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