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ABSTRACT

Cationic tensides are important oleochemicals that are used to prevent
adulteration of pharmaceutical preparations and personal care products, as well as being
the conditioning agents in domestic fabric softeners. The widespread use of these
materials requires quantitative methods for characterising them in raw materials and
fully formulated products, whilst “down-the-drain” release necessitates similar methods
for trace environmental analysis. Unfortunately, current methods used to quantify
cationic tensides are generally non-specific, problematic, or are ill-suited to
environmental analysis. There is currently no generic method that can be applied to the
quantitation of these matenals in all necessary matrices.

The aim of this work was to develop new liquid chromatographic (LLC) methods
for the analysis of the cationic preservative and fabric conditioner actives, before
attempting to build the foundations of generic cationic tenside analysis. The
development of a new normal phase LC method is reported for the quantitation of the
cationic actives present in domestic fabric conditioners. The method yielded high
resolution and repeatability, and allowed the quantitation of the homologues endemic in
commercial samples. Subsequent hyphenation with mass spectrometry demonstrated the
potential for the quantitation of these materials in environmental matrices.

*The optimisation and validation of a reverse phase LC method for the analysis of
cationic tenside preservatives is reported. Excellent repeatability and resolution were
again attained, whilst the new method was also found to demonstrate the inherent
sensitivity required for trace environmental analysis. Subsequent hyphenation
unfortunately showed that method sensitivity was compromised by ion-suppression,
highlighting the need for compromise in the development of LC/MS methods.

For both methods, stationary and mobile phase parameters were varied to assess
the influence on analyte resolution, and also to gauge the potential for developing a
generic liquid chromatographic method for the analysis of these materials. It was
observed that many of the commonly held beliefs on the analysis of cationic tensides by
reverse phase LC were misconceived. As a result, new insights were made into cationic
tenside analysis, which should facilitate the development of a generic LC method
applicable to the quantitation of cationic tensides and their hydrophilic biodegradation
products in the future.
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CHAPTER ONE

General Introduction

1.1 AMPHIPHILES, SURFACTANTS AND TENSIDES

I planted you like a choice vine from the very best seed. But look what you have
become! You are like a rotten, worthless vine. Even if you washed with the strongest

soap, I would still see the stain of your guilt.
Jeremiah 2. 21-22.

“Amphiphilic molecules” or amphiphiles is the generic term applied to organic
compounds that contain at least two structural units, which demonstrate starkly
contrasting physico-chemical properties, notably solubility. At least one region of the
amphiphile will be seen to be solvophilic, or “solvent-loving”, and will thus dissolve
readily, whilst at least one other will be solvophobic, or “solvent hating” (Garret, 1972;
Hamley, 2000) (Figure 1.1). Such ambivalence has led to them being referred to as
amphipathic, as they simultancously show sympathy and antipathy to the solvent
(Tanford, 1980). When placed into solution such ambivalence leads to preferential
accurmulation at interfaces, which results in them having important advantageous

properties that have been exploited by man for eons (Garret, 1972).

As amphiphiles are predominantely applied into aqueous systems the solubility
of the solvaphilic and solvaphobic sub-units are related to water, and hence one region
is seen to be hydrophilic, whilst at least one other is Aydrophobic. Hydrophobic groups
are most often based on a long hydrocarbon chain and are thus commonly referred to as
“tails”, whilst the hydrophilic group, or “head”, can be charged or uncharged (Figures
1.1 and 1.2) (Garret, 1972; Tanford, 1980; Hamley, 2000).

The tendency of amphiphiles to accumulate at surfaces has led to them being

referred to as “surface active agents™ or “surfactants”. However, in the early 1960’s a
joint committee on nomenclature agreed on the adoption of the term “fenside” as the

generic title for all amphiphilic molecules (Garret, 1972). Thus, tenside will be used
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throughout this work to refer to compounds, which in many other texts are referred to as

surfactants.

Hydrophilic “head group”

\

\

Hydrophobic “tail”

Figure 1.1: Representative structure of a generalised tenside showing the two distinct sub-units,
which demonstrate contrasting solubility.

1.1.1 The historical development of the detergents industry

Whilst tensides have, and still do find widespread application as foaming,
wetting, and dispersing agents (Garret, 1972; Hamley, 2000), history shows that they
have been used primarily as defergents, for several millennia. Indeed, tracing the origins
of the use of tenside detergents is almost impossible. Historians believe that the

Babylonians may have been using soap (Figure 1.2), the earliest recognised tenside, to
clean their garments as early as 2600 BC. There is clear evidence that the Phoenicians
were using the product by 600 BC and the Celts had introduced the technique to the
Romans some five hundred years on, but only later did the Romans utilise soap to clean
themselves. However, whilst saponification, the change occurring in the formation of
soap, derives from the Roman myth of it being discovered emanating from the

sacrificial alters on Mount Sapo above the Tiber, it is much more likely that Pre-

Historic Man was the first to recognise the detergent potential of tensides.

With the passing of four millennia, since the end of Babylonian civilisation,
soap has retained its position as one of the principle products of the detergent industry.
Soap bars and later, soap flakes formed the cornerstone of the domestic laundry market
that developed in the late nineteenth century after mass production was pioneered by the
Lever Brothers (Lever Brothers, 2000). Soap was eventually vanquished from its
position as the principle laundry detergent in the second half of the twentieth century

(Lever Brothers, 2000). At this point in time, alternative synthetic anionic tensides were
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commercialised (Garret, 1972), and later, a number of other anionic tensides were
developed for the use in domestic detergents. The use of non-ionic tensides like alcohol
ethoxylates (AE’s) (Figure 1.2) has shown dramatic growth, whilst the use of cationic
and amphoteric tensides has also become widespread. From small beginnings,
household detergent consumption has grown to in excess of 6800 million tonnes per
annum in Western Europe alone, of which approximately 1000 million tons comprise

active tensides (Trius et al., 2000).

/\/\/\/\/\/Lc@@Na

( A) Sodium salt of lauric acid
Constituent of some soaps

Tetrapropylene benzene sulphonate Linear alkylbenzene sulphonate
(TPBS or ABS) (LAS)(x+y)=61t09
Me @ R
N\ ©
O
H/Hx\oi/\/ %H /N< c” (E) |
Me R |
Linear alcohol ethoxylate (AE) Dialkyldimethylammonium chloride “
(D) R is predominantly C,g and C,, for

tallow derived alkylquats

Figure 1.2: Representative structures of three typical anionic (A, B and C) tensides, one non-
ionic (D) tenside and one cationic (E) tenside.

1.1.2 “Oleochemicals”

With the dramatic growth in the use of detergents, and tensides in general,
increased demand has been placed on sourcing adequate supplies of the raw materials
used in their production. As the hydrophobic unit of a tenside is normally based on a
long hydrocarbon chain, tensides have traditionally been manufactured from natural or
synthetic fats and oils (Dobson, 1996).
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During the middle part of the twentieth century, the scale of the petroleum
industry, particularly in North America led to many of the anionic and non-ionic
tensides developed at this time, being manufactured from petroleum by-products
(Garrett, 1972). However, historically, the majority of tensides have been manufactured
from naturally occurring edible and inedible fats and oils of animal or plant origin
(Figure 1.3). Indeed, in recent years there has been a notable decline in the use of
petroleum-derived materials and an increase in the usage of renewable sources of raw
materials, especially palm kernel oil (Dobson, 1996) (Figure 1.3). Currently,
approximately 90% of all fat and oil raw materials used in tenside manufacture, are
found above ground (Dobson, 1996; Trius et al., 2000). As a result of their natural oil

and fat origin, tensides are often referred to as oleochemicals (Dobson, 1996).

At this juncture 1t should be noted that the term fat or farty is normally used to

refer to alkyl chains with greater than or equal to twelve carbons within their structures
(Garrett, 1972; Hamley, 2000). However, on occasions the term fatty is applied to alkyl

chain lengths down to Cs.

Figure 1.3 shows the fatty acid distribution of the oils and fats commonly used
in the manufacture of tensides. It is evident that there is a distribution of chain lengths
present in the raw matenals. As fractionation or purification of the oil or fat is not
generally performed prior to manufacture, commercial tenside samples contain a
distribution of alkyl chain homologues. As a result, a “pure” tenside sample will
normally contain a number of active species, which contain hydrophobic groups of
varying length (Lawrence, 1997). This can lead to some confusion as the detergents
industry often class a pure tenside sample as “that which is produced by the

manufacturer”, which does not necessitate that it contains only one active component.

In addition to natural fats and oils containing a distribution of alkyl chain
lengths, it is evident from Figure 1.3 that they also contain both saturated and mono-
and poly-unsaturated fatty acids. As a result, commercial soap samples include a
distribution of saturated and unsaturated fatty chains, which along with the chain length
distribution has a definite etfect on the structural properties and solubility of the final
products (Garrett, 1972). The high percentage of palmitic, stearic and oleic acids present

in tallow fat leads to the formation of hard, insoluble soaps, whilst the Marseilles soap,
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which was renowned in the nineteenth century for being “pleasant on the skin”, is sofft,
due to its manufacture from olive oil (Garret, 1972). As a result, blends of fats and oils
are now utilised to impart the desired structural properties to modern soaps (Garrett,
1972). Whilst many other tensides are still manufactured from a single fat or oil
(Garrett, 1972), hydrogenation of the raw material is commonly used to manipulate the
properties of the final product (Lawrence, 1997). As a consequence, the saturated to

unsaturated ratio of many tensides is very different to that of the fat or oil used during

manufacture (Lawrence, 1997).

B Palm Fruit oil
B Palm Kernel ol
B Olive ol
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60 |
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m Tallow fat
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Alkyl chain length

Figure 1.3: Fatty acid distributions of the natural fats and oils normally used in the production
of tensides (Garrett, 1972).

Figure 1.3 also highlights an additional foible of the tenside industry:
nomenclature. The IUPAC nomenclature used to name organic compounds is often
circumvented by the industry in favour of trivial nomenclature relating to the
corresponding fatty acid (Figure 1.4). As a result, lauryl and stearyl are commonly used
to refer to saturated C,2 and C,g hydrocarbon chains, rather than the IUPAC defined
terms of dodecyl and octadecyl. However, further confusion arises from the continued
use of other traditional trivial names, e.g. cetyl, which is still used in place of hexadecyl
and palmityl. This problem is clearly evident in Appendix One, where a list of the
tenside samples used during this study is presented. The names of the individual

samples are given as seen on the characterisation data supplied with the sample, i.e.
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benzyldimethylstearylammonium chloride dihydrate may also be referred to as
benzyldimethyloctadecylammonium chloride dihydrate. For simplicity, the IUPAC
method has been used to describe alkyl chain length during this work, whenever

possible.
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Figure 1.4: Alkyl chain lengths of typical fatty acid constituents present in commercial tensides
(Garrett, 1972).

1.2 CATIONIC TENSIDES

Cationic tensides are positively charged amphiphiles that are predominantly
based on a quaternised nitrogen atom. Figure 1.5 depicts structural representations of
some of the most important cationic tensides, along with a more generalised
representation of a cationic tenside showing four alkyl and / or alkyl-aryl groups
surrounding a central quaternised nitrogen atom that has an associated anionic counter
ion. The association of the counter ion leads to the formation of a quaternary
ammonium salt, which is seen to be surface active, due to it containing at least one fatty
tail unit. As a result, the colloquialism “quat” is commonly applied to cationic tensides,
which demonstrates this generalised form (Lawrence, 1997). It is important to note that
whilst many industrially important cationic tensides have four distinct groups attached
to the central nitrogen atom, others like the alkylpyridinium salts (Figure 1.5)

(Appendix One) encapsulate the cationic nitrogen atom within a heterocyclic ring.
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Nevertheless, these materials are still referred to as quats. For simplicity quat will be

used throughout this work to refer to a fatty quaternary ammonium salt.

*Ox @ Me @ Ci¢H
N N ¢ N B
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O
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Figure 1.5: Representative structures of a generic quat tenside (A) and some industrially
important cationic tensides (B — F).

For species B, D and E, R is normally C,3 and C;¢ as they tend to be manufactured from tallow
fat.

The rise to prominence of the cationic tensides came about in the early 1930’s
when Domagk recognised the commercial value of the bactericidal properties of these
materials some thirty years after they were first reported (Lawrence, 1970). Since this
time, the use of cationic tensides has become more widespread, with the materials now
finding use in a number of different applications. Cationic tensides are applied to
varying degrees as dye fixers (Domagk, 1987), corrosion inhibitors (Gough et al., 1999;
Branzoi et al., 2000), oilfield extraction processes (Omar ef al., 1997) and in miceller
and vesicular delivery systems for therapeutic drugs (Vievsky, 1997; Esposito ef al.,
1999). However, whilst usage is growing in many of these areas, two traditional
applications still dominate the cationic tensides market: softening agents in domestic
fabric conditioners and antibacterial agents / preservatives in personal care products,
pharmaceuticals and cosmaceuticals (Jungermann, 1970; Puchta, 1984; Boethling e? al.,
1992).
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1.2.1 Cationic fabric conditioner actives

The ability of cationic tensides to condition garments was initially discovered by
accident. When clothing manufacturers applied solutions of these materials as dye-
fixing agents, they were seen to impart softness, often referred to as “hand”, to the
garments (Levinson, 1999). This observation was made in the mid-1950’s, which
proved timely as the increased use of mechanical washing machines, and the
replacement of soap flakes with synthetic detergent powders, had led to improved stain
removal and reduced re-deposition (Levinson, 1999). Whilst improved stain removal
led to cleaner clothes, the lack of re-deposition led to greater removal of clay and oil
residues that had built-up on the fibres over time. Unfortunately, the presence of these
residues was found to improve the feel of the garment when in contact with the skin
(Levinson, 1999) and, as a result, the new detergents where perceived to leave garments
feeling coarse and uncomfortable making them less appealing to the consumers
(Levinson, 1999). The subsequent utilisation of rinse-added cationic tensides was found
to improve the feel of garments, even when washed with soap flake, and were thus

acclaimed by consumers (Levinson, 1999).

Today cationic tensides have found widespread use as fabric “soffening” agents
in post-wash products that are perceived to impart softness and fragrance. However, to
label these formulations as soffeners does them a disservice. Research has shown that
the use of cationic tensides improves the softness and bulk of the laundry, extends fabric
lifetime, reduces electrostatic build-up, improves water and stain resistance, reduces the
burden of post-wash mechanical processes (ironing and drying), and imparts that all-
important "freshness” (Puchta et al., 1993; Levinson, 1999).

Fabric conditioning products can be split into two main types, the liquid rinse-

added formulations that are employed globally, and the sheet-based conditioners that are
used in tumble dryers predominantly in North America (Levinson, 1999). Whilst the
two groups of products have very different modes of application, the mode of action and
structure of the active agents are identical (Levinson, 1999). Considering liquid rinse-
added conditioners, cationic tensides account for less than 15% of the formulation in
standard products, whilst the concentration can be up to 25% in concentrates (Levinson,

1999). The product is added to the laundry after removal of the anionic detergent to

ensure that the cationic tensides can effectively adsorb onto the fibres of the garments
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without being removed from the system through complex formation (Crutzen, 1995;
Levinson, 1999). Whilst much of the cationic tenside is removed from the garments
during final rinsing, a discrete amount of the material is left on the garments, imparting

some water and stain resistance (Burford, 1997).

The primary compounds used in fabric conditioners can be divided into two

1 generation alkyl quats, like

main classes; the traditional, or
dihydrogenatedtallowdimethylammonium chlonde, and the 2" generation esterquats,
such as the hydrogenated derivative of diethylesterdimethylammonium chloride (Figure
1.5) (Appendix One). There is a great deal of commonality in the two groups of
tensides, not least in the fact that both groups tend to be manufactured from tallow fat,
whether it fully, partially or non-hydrogenated (Waters et al., 1991; Puchta et al., 1993;
Lawrence, 1997; Friedli et al., 2000). In addition, the primary active agents present in
fabric conditioner formulations are the di-chained species, the dialkyl and diester quats
respectively (Waters et al., 1991; Lawrence, 1997). However, due to the method of
manufacture of both classes of cationic tensides, commercial samples are also seen to
contain significant concentrations of the mono-chained species (Waters ef al., 1991;
Lawrence, 1997) (Figure 1.5) (Appendix One). Indeed, in the case of the 1% generation
alkylquats, and some esterquats, considerable concentrations of the tri-chained species
are also present (Lawrence, 1997; Friedli ef al., 2000) (Appendix One). Both the mono-
and tri-chained species are active impurities, in that they also add to the performance of

a commercial formulation. However, their specific activities are different to that of the

di-chained species.

The presence of tri-chained and / or mono-chained cationic tensides in
commercial samples adds further complication to a so-called “pure” sample (Section
1.1.2). Therefore, some “pure” samples contain a distribution of di-chained actives
corresponding to the fatty acids in tallow fat (Figure 1.3), which may or may not show
unsaturation, a factor dependant on the processing of the tallow (Section 1.1.2), and two

other classes of active quats, prior to use (Lawrence, 1999). To make matters worse, the

mono- and tri-chained species show a distribution of alkyl chain lengths, and other
impurities such as fatty acids and protonated fatty amines, which are also known to be
present (Lawrence, 1997). If one considers that the concentration of active agents, and

active and non-active impurities i1s carefully controlled to ensure the efficacy of the
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commercial formulation, it 1s apparent that accurate characterisation data on the raw
materials, and effective quality-control protocols for fully formulated products, are of

paramount importance.

1.2.2 Cationic tenside preservatives

The second major area of application for cationic tensides are as anti-bacterial /
fungicidal agents (Lawrence, 1970). Reference has already been made to the fact that
the first reports of the beneficial properties of cationic tensides, and the first commercial
application of these materials were as anti-bacterial agents (Section 1.2). In the sixty
five years that have lapsed since the first commercialisation of these materials by
Domagk, mono-chained quats have found widespread usage as antimicrobials,
bacteriostatics and fungicidal agents (Lawrence, 1970; Boethling ef al., 1992; Lin et al.,
1991). Their potency and efficacy in these areas has led to their usage as preservatives
in decongestive nasal sprays and most ophthalmic solutions (Santoni ef al., 1994; Price

et al., 1999), as well as other pharmaceutical and cosmetic products (Lin ef al., 1991;
Kawakami et al., 1998). Cationic tensides have also been applied as the active agents in
throat sweets and lozenges (Taylor et al., 1998), and have found widespread use as
general anti-bacterial agents and sanitisers in the healthcare industry (Lawrence, 1970;
Kiimmerer et al., 1997). In addition, their use as sanitisers within the food and drink
industry, to prevent bacterial and microbial adulteration and fungal growth, is now
becoming more widespread (Suorttt et al., 1990; Valladao et al., 1994; Zhou et al.,
1999). Finally, in recent years the application of cationic tensides to prevent fungal
growth and sapstain in the lumber industry, particularly in North America, has gained
pace (Suortti et al., 1990; Bull et al., 1998b; Chen et al., 1995).

Figure 1.6 shows representative structures of the three major classes of cationic
tensides utilised as preservatives / sanitisers in the various applications listed above. All
three classes contain only a single fatty alkyl chain, and commercial formulations are
strictly controlled to ensure the removal of di-chained species. As a result, cationic
preservative samples are much less complex than the corresponding fabric conditioner
samples (Lawrence, 1970). An additional variation between the cationic preservatives
and the cationic fabric conditioner actives is to be found in the choice of raw materials.
Whilst the conditioner actives are generally only based on tallow fat, the fatty raw

material used in the manufacture of the preservative actives is dependant on the
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application. For example, the alkylbenzyl quats utilised as preservatives in healthcare
and cosmetic products (Figure 1.6) (Appendix One) are primarily manufactured from
coconut oil and thus, usually demonstrate an alkyl chain distribution that centres on Cj»
and Cy4 (Garrett, 1972) (Figure 1.3). However, the alkylpyridinium quats tend to be
applied as single homologues with only the Cj; and Cjs species being of industrial
relevance (Martindale, 1993; Zhou et al., 1999). In contrast, the monoalkyltrimethyl
quats can range in chain length from Cg to C;3, dependant on the application (Lawrence,
1970). As a result, it is difficult to generalise the raw materials used in the manufacture

of the cationic preservative actives.
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tallow derived alkylquats

Figure 1.6: Representative structures of the three major classes of cationic preservatives.

It was mentioned above that different cationic tensides are utilised in different
applications. Whilst the original choice of active was based on available materials, the
choice is now dependant on the individual scenario in which the ingredient is to be
applied, as different classes of tenside, and the individual homologues of each,
demonstrate varying efficacy (Lawrence, 1970; Prince et al., 1999). Such observed
variation in the potency of individual homologues has led to strictly defined limits and
controls being placed on the homologue distributions present in commercial samples.

The United States Pharmacopoeia (USP), along with the British Pharmacopoeia (BP)
and European Pharmacopoeia (Ph. Eur.), and other legislators, include clearly defined
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boundaries on the nature and concentration of individual homologues in various
products (Martindale, 1993; Prince et al., 1999). The maximal and minimal
concentration of active agent present in a commercial sample is stipulated, in addition to

regulations on chain length ratio of the active materials (Martindale, 1993; Prince et al.,

1999). For example, the USP national formulary (USP/NF) guidelines stipulate that a

commercial sample of Benzalkonium Chloride (Appendix One) must contain not less
than 95% active Cg to C3 alkylbenzyl quats. Of this, not less than 40% should be the

C2 species, and not less than 20% should be Cy4 homologue. Additionally, the total Cy>
and C;4 concentration should be greater than or equal to 70%. Any material not meeting

these criteria will be blocked from application under the pseudonym Benzalkonium

Chloride in pharmaceutical and healthcare products (Martindale, 1993). Similar

restrictions are also enforced for the alkylpyridinium quats and the monoalkyltrimethyl
quats (Martindale, 1993).

Whilst commercial cationic tenside preservative samples contain fewer active
agents than are present in conditioner samples, strict legislation on composition and
activity, forces formulators and raw materials suppliers to implement strict quality-
control protocols. At the same time, the regulators must be able to test adherence to
their legislation, which also requires the use of accurate analytical methods to quantify

these materials as raw materials and in fully formulated products.

1.2.3 Environmental aspects of cationic tensides

In recent years there has been a marked increase in the environmental awareness
of the world’s population. In the developed world especially, there is widespread
understanding of the potential effects that industrialisation and commercialisation have
on the delicate balance of the World’s Ecosystem. Whilst major environmental
catastrophes like the Exxon Valdez oil spill in 1989, have made, and always will make
headline news in the scientific and non-scientific press, this greater environmental
awareness has led to greater emphasis being placed on “environmental friendliness” in
all areas of life. As a result, strict environmental legislation now controls all of the

activities of Man, which are perceived to influence the world around us.
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1.2.3.1 Introduction to chemical risk assessment

The notion of environmental legislation is far from new in the control of
chemical usage. The inception of laws regarding the safeguarding of potable water from
sources of contamination can be found in the legislature of the Roman Empire, whilst
others are to be seen in the laws of European countries during the middle ages (Ahmad
et al., 2001). Indeed, much of the basis of current environmental legislation grew out of
human health legislation developed in the late nineteenth century (Ahmad, 2001).
However, as the awareness of governments, and other authorised agencies, has
developed, with regard to the potential effects of chemical usage on the environment,

modern environmental legislature now runs in parallel to laws governing human health.

Today, the manufacture and usage of chemicals is strictly controlled by
guidelines on both perceived and documented toxicological and environmental impact
(Solbe, 2000). During the formulation of these guidelines two concepts are taken into
account, hazard assessment and risk assessment (Solbe, 2000). A hazard is an inherent
property of an action or compound, whilst risk is the likelihood of that effect / property
being manifest. Death by drowning is a hazard of bathing, whilst electrocution is a
hazard of using electricity, the risk associated with both is lessened if the two are not
combined! From a chemicals perspective, a hazard of nitrogen gas is that it is an

asphyxiant; the risk of asphyxiation being increased in confined areas.

Primarily, new legislation concerning chemical usage is based on risk
assessment, as it is quantifiable, takes into account the likelihood of a detrimental effect
occurring, and can also be applied to new compounds as it can be used to assess
perceived as well as documented problems. As a result, approval of the use of all new

chemicals, in addition to the use of known species for a role in which they were not

originally specified, is controlled by a formal risk assessment procedure.

Whilst a risk-based assessment of chemical safety is welcomed by most, many
environmental pressure groups believe that a hazard-based system should be adopted.
Claims are often made that legislation 1s too lenient, as chemical manufacturers and
formulators are thought to hold too much influence over the decisions of the lawmakers.
Indeed, such groups often maintain that all unnaturally occurring chemicals are harmful

and hazardous to the environment and / or human health, and, as a result, their usage
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should be banned. However, adoption of a hazard-based system is often over simplified,
as it cannot be used to assess indirect problems associated with some chemical species.
For instance, an excess of phosphate in some confined lakes and rivers can lead to
eutrophication and the ultimate death of the body of water (Moore et al., 1976). Whilst
the use of phosphate-based detergent formulations is claimed to have greatly increased
the rapidity of eutrophication due to the occurrence of algal blooms, the process is

naturally occurring, and 1s not a hazard, as such of phosphate. Only risk-based

assessments can efficiently account for such secondary effects.

For environmental impact assessment, the formal risk assessment 1s based on a

comparison of the lowest concentration at which a chemical will be seen to cause no
harm to the environment, the so called “predicted no-effect concentration” (PNEC),
with the “predicted environmental concentration” (PEC), the level expected in the
different environmental compartments (Figure 1.7). The PNEC is calculated by
assessing the effect of the compound on a base set of sensitive organisms present in
each compartment (Figure 1.8). The conservative safety factor is then applied to ensure
that the resulting concentration will have no discernible effect on the organisms present.
Determination of the PEC is achieved by combining usage, removal, and environmental
/ geological data to determine the maximal concentration that the compound is likely to
reach with prolonged use. It 1s apparent therefore that accurate risk assessments can
only be based on accurate data, which details how much compound enters the

environment, from where, and where it permeates to ultimately.

1.2.3.2 “Down the drain’ and “rinse-off”’ chemicals

To have an effect on a specific environmental compartment, a chemical must
have the ability to reach that compartment in the first instance. There are two primary
modes by which a chemical can enter the environment, use and misuse. Of these, misuse
is probably the most recognised for causing an environmental impact, as it is
characteristic of the one-off pollution event that led to the Exxon Valdez disaster (Solbe,
2000). However, correct use of a chemical can also lead to its entry into the

environment.

Cationic tensides, indeed many tensides in general, are examples of compounds

that have the potential to be introduced into the environment through proper usage. If
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one considers the two most important industrial applications of cationic tensides, fabric
conditioners and preservatives (Section 1.2), their modes of action dictate that cationic
tensides will have the ability to be transported to the environment. Fabric conditioners,
and domestic and industrial surface cleaners are classed as “down-the-drain” chemicals
(Burford, 1997). In the case of the developed world, the mode of action of a conditioner
dictates that it will be expelled from the washing machine into the domestic sewage
treatment system, (Versteeg, 1992). Surface cleaners are disposed of in a similar
manner, as they are normally rinsed into the drainage system after application. If the
local sewage treatment system 1s unable to completely remove the tensides, then they
will be released into the aquatic environment through wastewater or into the terrestrial
environment as sludge (D1 Corcia, 1998). Cationic tenside preservatives also have a
similar fate. Their usage to prevent adulteration of personal care, cosmetic and
pharmaceutical “rinse-off”’ preparations, creams, pomades and ointments, also results in

them being washed into the sewage treatment system (Berger, 1997).

Step-sequence of risk assessment
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CHRONIC ECOSYSTEMS
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Figure 1.7: Figure showing the various stages of a conventional risk assessment process,
demonstrating how the relationship between the PNEC and PEC affects the nature of the safety
testing required (Picture kindly donated by Unilever Research).

As one moves towards the right hand side of the diagram, testing becomes more involved as the
test becomes increasingly realistic of environmental conditions.
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Figure 1.8: Figure showing the idealistic change in the PEC / PNEC ratio as more knowledge is
gained on the environmental properties of a chemical (Picture kindly donated by Unilever

Research).
As the methods used to calculate the PEC / PNEC ratio are conservative, a value of less than

one represents a safety margin for using the chemical in it’s designated role. However,
additional work is often carried out to increase the safety margin still further.

1.2.3.3 Environmental fate, recalcitrant species and eco-design

The market for cationic tensides amounts to 135,000 tonnes per annum (1998
figures) in Western Europe, for detergents alone (Trius er al., 2000). It is therefore
evident that for these species to be deemed environmentally safe, they must either be
removed to a great extent before they reach the environment, or be rapidly degraded in
the environmental compartment to which they are transported, and not be seen to have
the potential to accumulate. This last factor is particularly important in the case of
relatively high production volume chemicals like the cationic tensides, and has been a
historical problem with certain species. Figure 1.9 shows two photographs taken at the
outflow of a sewage treatment plant into the River Lea in Lemsford, in the United

Kingdom in 1960 and 1964. The earlier picture (left hand side) coincided with the
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replacement of soap flake in domestic laundry products for the synthetic tenside:
tetrapropylene benzene sulphonate (TPBS) (Figure 1.2). Unlike soap, TPBS was found
to be resistant to biodegradation due to the branched nature of the hydrophobic tail unit
(Beers, 2001). As a result, due to high volume usage, the concentration of TPBS in
natural waters built up to the extent were 1t lead to the formation of stable foams on
rivers. Having identified TPBS as being responsible for the foaming, a new linear
biodegradable synthetic anionic tenside, linear alkylbenzene sulphonate (LAS) (Figure
1.2), was developed to replace TPBS in laundry products. The picture on the right-hand
side shows that the replacement of TPBS with LAS resulted in the disappearance of the
river foams, as [LAS was readily removed in sewage treatment plants (Beers, 2001). It is
important to note that this change in ingredients was brought about solely because of the

environmental impact of TPBS.

Figure 1.9: Photographs of the River Lea in Lemsford, UK, taken in (A) 1960 and (B) 1964.
The figure shows the environmental impact caused by the replacement of soap with
tetrapropylene sulphonate (TPBS) in domestic laundry products, and the subsequent adoption of
linear alkylbenzene sulphonates in detergent formulations (LAS) (Pictures kindly donated by
Unilever Research).

[n addition to the problems caused by persistent parent tensides, another
important consideration in the assessment of an environmental risk, posed by any
chemical, is its propensity to form recalcitrant metabolites. Whilst, the parent tenside
initially undergoes biodegradation, the process is halted at an Inappropriate juncture,

due to the tendency of the metabolite to resist further breakdown (Burford, 1997). This
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process 1s characteristic of the nonylphenol ethoxylate tensides, which give rise to
nonylphenol metabolites that are recalcitrant. These metabolites show higher aquatic
toxicity compared to the parent species, and have been linked to inflicting endocrine
disturbances (Beers, 2001). Factoring these risks into the formal assessment for this

species has led to its voluntary replacement by the more readily biodegradable alcohol
ethoxylates (Figure 1.2) (Beers,2001).

The propensity of many cationic tensides to be anti-bacterial and algaecidal, and
to preferentially sorb onto negatively charged species has led to historical concerns over
the widespread use of these species in “down-the-drain” and “rinse-off” products. The
observation that the first generation fabric conditioner actives (Section 1.2.1) facilitated
observable effects on sensitive species at low concentrations (Waters et al., 1991) did
not help to alleviate any of these fears. However, there was strong evidence that the
alkyl quat tensides showed high removal within sewage treatment plants, and thus only
low concentrations were observed in receiving waters, even before dilution occurred
(Waters et al., 1991). Nevertheless, 1n light of the concerns of legislative bodies over
the environmental profile of these materials when used in fabric conditioners, the early
1990°’s saw formulators voluntarily replace the 1% generation alkylquats with new
esterquat actives (Figure 1.5) (Waters et al., 1991). These materials demonstrated much
improved environmental profiles, owing to the presence of ester linkages between the
cationic nitrogen atom and the fatty alkyl chain (Puchta et al., 1993). These ester groups
represented points of weakness in the structures of the new actives, which facilitated the
rapid cleavage of the fatty acid groups from the parent tensides (Figure 1.10)
(Lawrence, 1997), greatly increasing the observed rate of primary biodegradation
(Waters et al., 1991). As with the change from TPBS to LAS, some twenty five to thirty
years earlier, the switch from the use of alkyl quats to esterquats was driven by

environmental concerns (Burford, 1997). In the case of the cationic tensides, these

concerns were primarily perceived rather than documented (Waters et al., 1991).

As risk assessment of chemical usage must be performed separately for each
environmental compartment into which the compound can ultimately pass, it is
important to be able to quantify the path of a species through waste treatment and
during its progress through the environment. Ultimately, the transport and movement of

any chemical will be based on its characteristic physico-chemical properties. In the case
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of cationic fabric conditioner actives, the limited water solubility and high octanol /
water partition coefficient (Kow), @ measure of the propensity of a compound to reside in
an aqueous or non-aqueous environment, which is often quoted as the logarithmic value
(Log P) for convenience (Hansch et al., 1979), indicates that the dialkyl quats
preferentially partition out of the aqueous phase onto solids (Waters et al., 1991). As a
result, much of the removal of these species during sewage treatment is as a result of
adsorption onto sludge solids (Beers, 2001). The process of sludge amendment onto
agricultural land thus yields the introduction of these species into the terrestrial
environment. Similarly, the residual di-chained quats, which pass into receiving waters,
are seen to preferentially partition onto suspended and dissolved solids, which drop to
the riverbed to form sediments (Scott, 2000) (Figure 1.11). As a result, the di-chained

quats are introduced to the sediment compartment.

R-1
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Figure 1.10: Representation of the biodegradation pathway of Hamburg diester quat (HEQ).
The parent di-chained quat is very hydrophobic and readily partitions onto solids. Removal of

the fatty acid groups increases aqueous solubility. As a result the quaternary amino-alcohol is
readily water-soluble and is thus more bioavailable.

The partitioning behaviour of the mono-chain quats (Figures 1.6 and 1.10) is
not as extensive as that of the di-chained quats, due to their increased aqueous solubility
(Burford, 1997). As a result, there 1s increased likelihood of finding these species in
their native forms in wastewater effluents 1.e. solubilised rather than associated with

solids (Burford, 1997). This 1s also true for the quaternary amino-alcohol metabolites of
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the esterquats (Figure 1.10) (Appendix One), which are the most readily water soluble
of the three groups of quats owing to the removal of the second hydrophobic group from
the monoester quats (Burford, 1997). As a result of their high water solubility these
species are unlikely to be found associated to solids or in sediments (Burford, 1997).
Unfortunately, higher aqueous solubility leads to the species being more bioavailable,
which in turn increases the potential for these species to bioaccumulate in the tissues of
native organisms via absorption and / or ingestion (Beers, 2001). Extensive
bioaccumulation could then lead to the concentration of the compound within the
tissues of the organism approaching those at which a distinguishable effect is first
witnessed (van Leeuwen, 1995). In view of recent concerns regarding metabolite
formation during biodegradation, there has recently been an upsurge in regulatory
interest in defining the future role that metabolite formation, transport, and

accumulation should play in environmental risk assessment (Beers, 2001)

Figure 1.11: Figure showing some of the possible removal and transportation pathways that can
be exhibited by a chemical after its release into a riverine environment (Source of picture United
States Geological Survey website).
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It 1s apparent that in order to carry out a formal risk assessment on the potential
environmental impact of cationic tensides, accurate determination and quantitation is
required in a number of different environmental matrices. In order that accurate
measurement is attained, methods of analysis must be selective to minimise the
interference caused by endogenous components of complex sample matrices. Not only
does environmental assurance demand accurate quantitation of the parent cationic
tensides, but there 1s increasing need to be able to quantify the hydrophilic metabolites
resulting from primary biodegradation. In addition, the ability to monitor the transport
and transformation of cationic tensides through the environment is of paramount

importance if the environmental safety margins are to be maximised.

1.3 INTRODUCTION TO CHROMATOGRAPHY AND

SEPARATION SCIENCE

Chromatography is a physical method of separation in which the components to
be separated are distributed between two phases, one of which is stationary while the

other moves in a definite direction.

“Unified Nomenclature on Chromatography”, IUPAC definition of
chromatography ca. 1993 (Braithwaite et al., 1996).

Chromatography is the generic name applied to techniques that can be used to
separate two or more components of a mixture as a result of variations in the affinities

of individual solutes for two immiscible phases (Ruthven, 1997).

Natural chromatographic phenomena have existed on Earth since the birth of the
planet millions of years ago (Braithwaite ef al., 1996; Berezkin, 1997). However, the
practical relevance of chromatographic techniques was not recognised until the mid-
nineteenth century with the separation of dyes, by an early form of paper
chromatography (Braithwaite ef al., 1996). Some ten years later Groppelsroeder
reported the “capillary analysis” of pigments via separation on paper dipped into
solvent (Braithwaite et al., 1996). Groppelsroeder was aware that capillary action was

bringing about the migration of the various pigments. However, he was unable to justify
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the reasons behind the discrete coloured bands that he witnessed. Whilst these early
“Separation Scientists” had reported observations that were fundamental to modern
chromatographic separation, the birth and discovery of chromatography is normally
attributed to the work of the Russian Botanist Tswett, at the start of the Twentieth
century (Braithwaite ef al., 1996; Berezkin, 1997; Ruthven, 1997). Tswett demonstrated
how it was possible to separate and isolate green and yellow plant pigments, by passing
extracted plant material through a glass column packed with a fine powder (sucrose or
calcium carbonate). After initially adding the plant material onto the head of the column
in a fine band, Tswett added additional solvent and pressure, to move the pigments
through the column (Braithwaite er al., 1996; Start GC website). The addition of the
solutes in a small focused band, and the subsequent addition of solvent, facilitated
superior component resolution, compared to that achieved with the crude paper
fractionation of dyes and pigments (Braithwaite e al., 1996). In 1906, Tswett, during
the reporting of his findings, first coined the phrase chromatography from the Greek
words for colour, “chroma” and the verb “to write” or graphein, to describe how the

new technique separated the plant material into discrete coloured bands on the column.
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Figure 1.12: Stylised representation of a chromatographic separation.
The two components are separated over time due to their different affinities for the two,
immiscible phases.

Some vears later, the potential implications of Tswett’s observations were
recognised by chemists and led to the beginnings of chromatographic research. In 1941,
Martin and Synge used chromatography to separate amino acids from wool. This
evolved the technique of partition chromatography (Braithwaite ef al., 1996).
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The commercial potential of gas chromatography (GC), particularly in the
analysis of the complex samples characteristic of the petroleum industry, was realised
during the pioneering work of Martin and James. These researchers were able to
separate mixtures of short chain carboxylic acids on a support material, coated with a
liquid film. By forcing the samples through a glass tube with the aid of compressed gas,
it proved possible to isolate individual analyte bands. Some five years later, Golay
published a theoretical treatise on optimising column efficiency and peak capacity in
GC. His theories on the use of long, narrow columns, coated with a thin liquid film have

subsequently given nise to the high resolving power, characteristic of modern GC

analysis.

The development of modern day “high performance liquid chromatography”
(HPLC), came about as a result of the predictions made by Giddings in 1963. Giddings
suggested that the resolving power achieved with GC would only be forthcoming for
LC separations, if very small diameter particles were packed into narrow columns. At
the time, fabrication technologies could not provide the particles necessary to
interrogate Giddings’ theones, and some six years passed before the successful
development of 10 pum silica particles proved his predictions to be true. With the
development of new bonding technologies that facilitated the attachment of functional
groups to inorganic supports, with which to bring about specific interactions with the
solute of interest, and the commercialisation of high pressure pumping systems, the

fundamentals of modern HPLC were put in place.

1.3.1 Chromatographic theory

The operating parameters employed in a modern chromatographic separation
can be related back to chromatographic theory via a series of important fundamental
parameters: retention, efficiency, resolution and “solute band broadening”. In the
following section, these parameters will be considered with respect to their effect on
experimentally derived separations. The information contained in this section has been
obtained, to varying extents, from a small number of the many reference texts and

information sources on the subject of chromatographic theory. References utilised at
this time include Snyder ef al. (1979), Braithwaite et al. (1996), Meyer (1993), Katz et
al. (1998) and the Start GC website.
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As mentioned previously, chromatographic separation is based on the variation
in the affinity of solutes for two immiscible phases. The rate at which an analyte
migrates through the system is therefore dependent on the length of time that the analyte
spends in contact with the two distinct phases. Thus, in liquid chromatography (LC), the
rate of migration 1s critically dependent on the intermolecular forces acting between the
analyte and the stationary phase, and the analyte and the liquid mobile phase. For
analytes that interact strongly, and thus have a high affinity for the stationary phase,
their progress through the system is slow and retarded, in comparison to analytes that
are only weakly attracted to the stationary phase. Chromatographic separation 1is
therefore dependent on a variation in the extent of which analytes distribute, or partition
between the two phases. For an analyte (solute) 7, this behaviour can be described by the
distribution or partition ratio (Equation 1.1). The “partition coefficient”, K, shown in

Equation 1.2 is the equilibrium constant relating to this dynamic process,

imabde © isfaﬁanary (Equation 1'1)
Cis

K, =— (Equation 1.2)
Cim

where C, s and C, , relate to the molar concentration of the solute in the stationary phase
and mobile phase respectively. Therefore, the chromatogram that is achieved during
analysis provides a pictorial representation of the history of the analytes migration
through the column over time. Analytes that are seen to elute early in the chromatogram
can be deduced as having spent the majority of their time within the mobile phase,
whilst those that elute later in the trace, must have shown stronger affinity for the
stationary phase. Figure 1.13 shows a chromatogram depicting the separation of a two-
component mixture. The baseline disturbance at the start of the trace is representative of
the emergence of the solvent front from the column, and all unretained analytes. When
an analyte is unretained i1t shows no affinity for the stationary phase and thus passes
through the column unchecked. The time taken between the introduction of the mixture
into the system, and the elution of an unretained component is known as the “dead
time” or “void time” of the system, #,. This parameter can then be used to quantify the

residence time of the other components in the stationary phase. The values #z; and fz>
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are the retention times of the two retained components. These are characteristic of the
individual analyte, as they are derived from the fundamental interactions between the
analyte and the stationary and mobile phases. Use of retention time data and knowledge
of column length, L, can subsequently be utilised to determine the average linear
velocity during the separation, #(Equation 1.3) and the average rate at which the solute

migrated through the column, v (Equation 1.4).

R
Time

Figure 1.13: Typical chromatogram of a non-retained species and two retained components.

U =— (Equation 1.3)

_ L
V =— (Equation 1.4)
fr

As v is related to residence time in the mobile and stationary phases, the
parameter can also be calculated from comparing the number of moles of analyte in the
stationary phase with the total number of moles in the system. As the number of moles
of analyte present in the system is related to the molar concentration of the analyte in
the stationary and mobile phases, Cis and C;, respectively, and the volume of the
mobile and stationary phases, V;, and V;, substitution and simplification results in v
being described by Equation 1.5:
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_ 1
S 1+C Y, IC,,V,

im"™ m

(Equation 1.5)

Substitution of the partition coefficient (Equation 1.2) into Equation 1.5 leads
to Equation 1.6:

_=u._.__..._.!'_..
1+ KV IV

(Equation 1.6)

Simplification of Equation 1.6 is facilitated by utilising the equation for the
“retention factor”, k, (Equation 1.7), which yields Equation 1.8. Replacement of the
terms relating to tiand v (Equations 1.3 and 1.4) results in an equation for which, all

components are determinable from an experimentally derived chromatogram (Equation
1.9).

k; = I:' : (Equation 1.7)
_ 1 :
v=1u- - (Equation 1.8)

i
te —1, :
k; = / (Equation 1.9)
0

As k is proportional to T, a large increase in k is characteristic of a strongly

retained analyte, and thus for convenience it is preferable to ensure that all k values are
small to prevent excessive analysis time. However, if & is too small the analyte may be
seen to elute close to the dead time. Control over the retention factor can be achieved by
the variation of analytical parameters. In LC separations modification of mobile phase

parameters can normally lead to the effective control of the retention factor.

During the analysis of a multi-component sample it is often convenient to utilise
the retention factors of each of the analytes to quantify the “selectivity” of the method

for two adjacent analyte peaks. The “separation factor”, a (Equation 1.10), is a
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descriptor which relates the relative retention of two components, A and B on a given

stationary phase, under specified conditions.
K
o =K—B (Equation 1.10)

where K4 and Kp are the distribution coefficients of solutes 4 and B. Substituting
Equation 1.7 into Equation 1.10 highlights the relationship between selectivity and £
(Equation 1.11). It is evident that during the analysis of a multi-component mixture, if

all k values are seen to be within a narrow range, selectivity may be compromised.

ks

aQ=—
k,

(Equation 1.11)

The ability of a column to produce narrow analytes bands is critical to high
quality separations. Column efficiency, in liquid chromatography especially, is often
quoted in terms of “theoretical plates”, a term whose basis lies in the fractionation
towers of the petroleum industry. The higher the number of theoretical plates, the more
efficient the separation is witnessed to be. This effect is apparent from observing the
two forms of Equation 1.12. As the analyte bandwidth, w, decreases, efficiency is seen
to increase; the column is better able to resolve individual components of a sample into

discrete narrow bands.

/ 2
N=16-(—@-) =5.54.
w

IR
W
%h

(Equation 1.12)

It is apparent from Equation 1.12 that N increases as the analytes residence time
within the stationary phase increases, hence N is also seen be affected by column length,
L. 1t is evident that as column length increases column efficiency also increases.
Equation 1.13 demonstrates the relationship between N and column length. The H term
is a descriptor relating to the efficiency of the column per unit length. It is defined as
“the height equivalent to a theoretical plate”, HETP, with rearrangement of Equation
1.13 revealing that H decreases as N increases (Equation 1.14), the distance between

the theoretical plates decreases, which when related back to petroleum distillation
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results in the isolation of a narrower boiling range of components. In terms of
chromatography, the lower the plate height the narrower the resulting analyte band,

which results in higher efficiency and thus better separation.

N=— Equation 1.13
7 (Equation )

H _Z (Equation 1.14)
N 1 '

Time, min

Figure 1.14: Figure demonstrating how the resolution of a two-component system can be
manipulated in chromatography (Picture reproduced from Start GC website).
The terms shown are described in Equations 1.10, 1.12, 1.21 and 1.22. However, in the above

example o is replaced by AZ, and components 1 and 2 in Equations 1.21 are replaced by
components A and B.

The processes by which multiple analytes are separated into discrete bands, and
analyte bands broaden with time, witnessed by an increase in w as dwell time within the
column increases, do not derive from the same origin. Instead the broadening of an

analyte band on its journey through a column has been found to be a result of the

physical effects represented pictorially in Figure 1.15.
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Figure 1.15: Individual contributions to the analyte band spreading witnessed in conventional
high performance liquid chromatography (Reproduced from Snyder et al., 1979).

Figure 1.15 (a) shows a cross-sectional view through the column as the analytes
are introduced onto the head in a thin band. In Figure 1.15 (b), the analyte molecules
undergo the process of “eddy diffusion”, whereby the analyte band grows as a result of
the analyte molecules taking distinctly different paths through the support. Those
flowing through a wide channel will be seen to move faster than those moving through a
narrow channel. The degree of spreading is seen to grow with time spent in the column.
Figure 1.15 (c) highlights band spreading by “mobile-phase mass transfer” whereby
the analytes in the middle of the band move much faster than those close to the particles
due to the viscous drag being exerted band on the liquid at this pint. Figure 1.15 (d)
provides a pictorial representation of the contribution of “stagnant mobile phase mass
transfer” to band spreading. Differences in the rates to which analyte molecules
partition in and out of the stagnant solvent present in the stationary phase pores also
affect the overall size of the band. Figure 1.15 (e¢) shows the result of the final
contribution “stationary-phase mass transfer”, whereby the analyte band is spread by

some analytes permeating further into the stationary phase than others, which leads to
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them showing additional retardation as they attempt to partition back into the bulk

solvent.

The extent of which the processes seen in Figure 1.15 affect band broadening, is
dependant on the length of time that the analytes remain in the column. As a result, it
can be seen that band broadening is inherently linked to the linear velocity at which the
separation is performed. As a result, numerous studies have been performed to evaluate
the effect of mobile phase velocity on separation efficiency. Figure 1.16 shows the
typical form of the graph obtained from studies characterising the change in H as a
function of linear velocity. The data shown in Figure 1.16 is characteristic of that
obtained during GC analysis, and can be related to Equation 1.15, which was first
reported by van Deemter.

S - 75

Figure 1.16: Figure showing how the linear velocity of a separation affects the individual
contributions to band broadening, and how these changes subsequently affect the plate height H.

The bottom diagram shows typical van Deemter plots obtained in gas chromatography.

B
H=A4+ - +Cu (Equation 1.15)

where 4, B and C are the contributions to analyte band broadening characteristic of

eddy diffusion, longitudinal diffusion and mass transfer processes, respectively.
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Kennedy et al. (1972) later proposed a modified version of the van Deemter
equation (Equation 1.16), which overcame the effects of particle size, column length
and solute diffusion on separation efficiency, allowing the comparison of different
columns being utilised under disparate experimental conditions. % is referred to as the
reduced plate height, being obtained from the use of Equation 1.19, where d, is the
particle diameter. The reduced linear velocity is obtained from the relationship between

u, d, and D, the solute diffusion coefficient via Equation 1.20.

h= Av% + -g- +Cv (Equation 1.18)
v
H
h=— (Equation 1.19)
d,
H
h= N (Equation 1.20)

The final chromatographic parameter, which will be considered at this time, is
the resolution R;, which is used to quantify the degree of separation of adjacent analyte
bans. Resolution can be defined equally well by either Equation 1.21 or 1.22. Equation
1.22 is particularly noteworthy as it shows how modification of other chromatographic

parameters affects the degree of resolution.

{oy —1
R, = —— A (Equation 1.21)
% (w, +w,)

N7 (a—l)x( k )

R, =——x
k+1

y ~ (Equation 1.22)

1.3.2 Introduction to High Performance Liquid Chromatography

As with the general theory of chromatography, there are many excellent

reference texts available on all facets of modern liquid chromatographic theory and

practice. Amongst those used during the preparation of the following section are:

Snyder et al., 1979; Meyer, 1993; Braithwaite et al., 1996 and Katz et al., 1998.
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In liquid chromatographic analysis, the resolution of a mixture of analytes is
achieved as a result of their different affinities for a stationary phase, which is
predominantly a solid surface, and a liquid mobile phase (Meyer, 1993). This so-called
. liquid-solid chromatography has in recent years made an analogous technique, liquid-
liquid chromatography, a technique whereby the stationary phase is also a liquid, the
two liquids being immiscible in order to create two discrete phases, almost obsolete.
The adoption of the phrase “High performance liquid chromatography” (HPLC) comes
from the fact that the stationary phase 1s made up of small particles, which give rise to
efficient separations, a fact that was first predicted in the early 1940’s by Martin and
Synge (Meyer, 1993).

Over the last thirty years there has been a surge in the interest and application of

HPLC to the separation and isolation of a host of organic and inorganic compounds.
Liquid chromatography has a distinct advantage over gas chromatography (GC) as it is
not limited in its application. Gas Chromatography can only be applied successfully to
volatile analytes, or analytes that can be easily adapted through reaction to enhance their
volatility, and as a result is only applicable to approximately 20% of the organic
chemicals that have to date been characterised. In contrast liquid chromatography can
be applied to many more compounds, as it requires only that the molecule is soluble in
the chosen mobile phase (Meyer, 1993; Katz et al.,, 1998). As the mobile phase
parameters can be easily modified and adapted, they can be tailored to suit the needs of
an individual analyte or series of analytes, enhancing solubility and making them fit for
analysis by HPLC (Meyer, 1993; Katz et al., 1998).

Modem liquid chromatographic can be performed in a number of different
modes of operation, ranging from “Size Exclusion Chromatography” (SEC), to the
biologically relevant practice of “Affinity Chromatography” (Katz et al., 1998).
However only two modes of liquid chromatography will be considered at this time:
“normal phase liquid chromatography” and “reversed phase liquid chromatography” .

In normal phase liquid chromatography separation is performed with the aid of a

relatively non-polar mobile phase and a polar stationary phase, which is commonly bare

silica (Katz et al., 1998; Meyer, 1993). In this mode of operation polar analytes are
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more strongly retained by the stationary phase than are non-polar analytes, which pass
through the column relatively unchecked. As a result, analytes are seen to emerge from
the column in order of increasing polarity. Retention in normal phase - liquid
chromatography (NP-LC), is normally attributed to competitive adsorption of the
analytes and solvent molecules onto the active sites on the stationary phase support
(Katz et al., 1998; Meyer, 1993; Dorsey et al., 1994). In the case of silica, the most
commonly used normal phase support material there are a number of different active
sites on present on the silica substrate (Figure 1.17), with which the solute and solvent
molecules can interact. It 1s generally assumed that solvent molecules form a mono-
layer on the surface of the packing material (silica), and thus the solute molecules must
displace one or more solvent molecules, dependant on the molecular size of the species,

before they are able to interact with polar groups on stationary phase. Strong support for

this model comes from the observation of a well-defined eluotropic series of normal
phase solvents (Katz ef al., 1998; Meyer, 1993), whereby non-polar solvents like
hexane and and carbon tetrachloride are found at the bottom of the series, and polar
solvents like acetonitrile, isopropanol and methanol are found at the top of the series
(Katz et al., 1998). As the concentration of polar solvents within the mobile phase
increases the competitive adsorption equibrium is driven towards the analyte remaining

in the mobile phase as they are no longer able to dislodge sorbed solvent molecules.

In reversed phase liquid chromatography (RP-LC), analytes are eluted in the
“reverse” order than would be expected under normal phase conditions, i.e. the most
polar analytes elute first, whilst non-polar analytes are strongly retained. This reversal in

elution order is due to the employment of a non-polar stationary phase, which is

typically formed from bonding long hydrocarbon chains onto a silica support i.e.
octadecylsilane and octylsilane (Appendix One), and a polar mobile phase, commonly
consisting of water and a polar organic solvent. As a result, polar analytes tend to
remain in the mobile phase, whilst non-polar analytes favour residence in the stationary
phase (Katz et al., 1998). Two principal models have been proposed to account for
retention in reversed phase LC: “the adsorption or solvophobic model” and “the

partition model”. Addressing and defining the mode of retention in RP-LC is one of the

most contentious issues in modern chromatography. Whilst the partition model of

analyte retention, whereby the solutes are fully encapsulated into the chains of the
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bonded phase, is generally favoured, the solvophobic model still has strong support in

some areas, most noticeably from Horvath.

. Bonded silanol
Siloxane /
H _ |
/ Nl
N ) O\ : / ! ! \
Si Si Si Si
- \o/ N \O/ I\.O/ I\O/
D
Isolated silanol Metal associated silanol |
’ |
\(-i) H'\(lj
N /O\ .. ! ®
Si Si Si M Si
_~ \O/ l\O/ CI)\O/ e \O/ l\o/
_____.___{_?__.{ _ e ~ O,. L

Figure 1.17: Representative structures of the active groups present on the surface of silica
particles used as stationary phase supports in HPLC.,

The acidity of the groups increases in moving from top left to bottom right. In normal phase LC,
the acidic groups act as competitive adsorption targets for solutes and solvents, whilst in RP-LC
interaction with isolated and metal-associated silanol groups is believed to lead to the tailing of

basic analytes.

Reverse phase chromatography performed on a long alkyl-bonded stationary
phase support is currently the most widely practised mode of liquid chromatographic
analysis (Braithwaite et al., 1996). Its suitability for the analysis of small polar organic
analytes makes it readily applicable to the separation of therapeutic drug targets utilised
by the pharmaceutical industry. Not surprisingly this sector of industry is currently the

biggest user of liquid chromatographic products.

14 CRITICAL REVIEW OF CURRENT LITERATURE

METHODS FOR THE ANALYSIS OF CATIONIC TENSIDES
Since the discovery at the turn of the century, of the beneficial properties of

cationic tensides and their subsequent widespread exploitation (Section 1.2), a
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significant amount of work has been invested into optimising methods for quantifying
these materials in a range of matrices. As this work has encapsulated a number of
decades, the types of methods used are numerous, and indeed, many have been
superseded by more efficient modern instrumental techniques. However, a number of
the older methods still remain, finding niches due to their ease of use and / or the

limitations of modern techniques.

The following sections provide a detatled and critical review of the analytical
techniques that are commonly applied to the determination of cationic tensides in a
range of different matrices. In general, the historical perspective will be limited and
attention will instead focus on current methods of analysis. Two recent reviews have
included in-depth coverage of the historical methods used to determine cationic tensides
(Boethling et al., 1992; Schmitt, 2001), and both of these were utilised as source

material during this review.

1.4.1 Non-specific methods

Many of the earliest methods for quantifying cationic tensides were based on
non-specific measurement, typically involving the titration of the analytes after
fractionation to determine the total cationic tenside active concentration (Schmitt,
2001). These methodologies often only provided crude estimates of the actual cationic
tenside concentration due to cross reactivity with fatty amines and other matrix
constituents. Of the earliest non-specific methods described for the analysis of cationic
tensides, only the colorimetric methods remain of interest today. Of particular note is
the so called “disulphine blue active substances” method that was optimised by Osburn
in 1982, after originally being reported by Waters ef al. in 1976. The methodology is
based on the extraction into chloroform of the cationic tensides via complexation with
an anionic dye-stuff. Association of the cationic tenside analyte to the anionic dye
results in a change in the conjugation system, which allows the quantitative
determination of the tensides by performing spectrometric analysis at a characteristic
wavelength (Burford, 2000).

The disulphine blue active substances method is applicable to all cationic

tensides, as it requires only the presence of one fatty alkyl group and a cationic head

group, in order to form a strong ionic adduct with the . However, method selectivity and
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sensitivity are dependant on the nature of the cationic tenside under investigation
(Burford, 2000). Over years of use the method has been adapted on a number of
occasions to improve sample through put and improve analyte specificity. Indeed
recently, Unilever Research have managed to miniaturise the method described by
Osburn (1982), allowing sample throughput to be greatly increased, and solvent waste
to be minimised (Weston, 2000). Unfortunately due to the nature of the method, it is not
possible to obtain structural information on the nature of the tensides that are present. In
addition, the method also suffers from problems with cross-reactivity occurring in the
presence of fatty amines and amphoteric tensides, and it cannot be applied to the

analysis of cationic metabolites due to problems with back extracting into chloroform.

1.4.2 Thin layer chromatography (TLC)

Thin layer chromatography is commonly utilised in industry to determine
cationic tenside levels in raw material supplies and fully formulated products
(Lawrence, 1997). The methodology is applicable to the determination of cationic fabric
conditioner actives and preservative actives (Paesen et al., 1994; Lawrence, 1997).
However, the developing conditions are very different. Whilst the separation of the
preservative actives is performed with the aid of a very polar solvent system, with the
hydrophilic quats migrating to the greater extent, separation of the cationic fabric
conditioner actives 1s achieved with a non-polar elution solvent. In this scenario the

hydrophobic quat species migrate furthest down the plate (Lawrence, 2000).

Whilst both methods have been used to quantify cationic tensides in industrial
matrices TLC is known to be unsuitable for the analysis of environmental matrices due

to the fouling of the separation plates by analyte interferences (LLawrence, 1997).

1.4.3 Gas Chromatography (GC)

Cationic tensides are non-volatile species, and thus are not directly amenable to
GC analysis. As a result, there are few reports on the direct analysis of these compounds
by GC. Instead, the cationic tensides are converted to their corresponding tertiary
amines to improve their volatility. This process is usually achieved by the
decomposition of the quaternary ammonium hydroxide species via Hoffmann
Elimination. The quat sample is reacted with an excess of alkali to form the

corresponding hydroxide species, and only once the reaction is completed, are the
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tertiary amines extracted from the reaction mixture with a suitable organic solvent, and
analysed. Takano et al. (1977a) first reported that alkylbenzyl quats could be analysed
in this manner when they combined a quat sample with sodium methoxide and N, N-
dimethylformamide. After refluxing for one hour at 180°C, the tertiary amines were
extracted and then analysed by packed-column GC (Takano et al., 1977a). In the same
year, this research group performed Hoffmann degradation in a GC injector port, by
combining the quat sample with methanolic potassium hydroxide, and injecting the
reaction mixture into a GC injector port, maintained at 290°C (Takano et al., 1977b).
Another alkali that has been used in a Hoffmann elimination reaction is potassium tert-
butoxide, to analyse the nature and concentration of benzalkonium chlorides in
domestic sanitary wipes (Suzuki et al.,, 1989). More recently, Hoffmann degradation
with potassium fert-butoxide has been used in association with GC/MS to identify
alkylbenzyl quat residues in Taiwanese sewage cffluents and river water (Ding et al.,
2001). These researchers implemented a combination of solid-phase extraction and
Hoffmann elimination methodologies to quantify individual alkylbenzyl quat
homologues at 0.4 pg/l levels in natural river-water. Comparison of the method with a
recently published HPLC-UV method (Prince et al., 1999) showed that the GC/MS
method offered a ten-fold increase in sensitivity and equivalent reproducibility.
However, analysis time increased whilst sample preparation time doubled as a result of

the Hoffmann procedure.

Although Hoffmann Elimination is the principal method for increasing the
volatility of the cationic tensides, an early method described by Warrington, utilised

hydrogenation to form the tertiary amines (Warrington, 1961). Abidi (1980) also used
this method, but then went on to derivatise the tertiary amines to the corresponding
cyanamide or trichloroethyl carbamate moieties in order to facilitate analysis at low

column temperatures (Abidi, 1980).

The need for derivatisation of long chain quaternary amines, can by
circumvented by the use of injector port pyrolysis GC and GC/MS (Ng et al., 1986). Ng
et al. (1986) employed this method to analyse cationic tensides samples by direct
injection into a hot injector port (>250°C), with the separation of the resulting
alkyldimethyl amines, alkylbenzylmethyl amines, and benzyl chloride impurities being
performed on a DB-5 capillary column. The response of the alkyldimethyl amines was
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then used to quantify the distribution and concentration of the alkylbenzyl quats in the

original samples.

The main drawback with the application of GC analysis to the quantitation of
cationic tensides is the difficulty experienced in quantifying the di- and tri-chained quat
species (Lawrence, 1997). Few reports are available on the analysis of cationic tensides
with more than one alkyl chain unit, and many of those that have, have shown that
quantifying the origins of the amines formed after degradation is far from routine
(Metcalfe, 1984). Indeed, quantitation of the mono-chained quats is also hampered in
the presence of other cationic tenside analytes and / or fatty amine species, which can

result in spiked recoveries in excess of 100 % (Metcalfe, 1984).

1.4.4 High Performance Liquid Chromatography (HPLC)

Today, HPLC is the preferred methodology for the analysis of quats, with
separations being reported as early as 1974 (Nakae et al, 1974), for the analysis of
alkylpyridinium halides (Nakae er al, 1974, 1977). In 1980, Meyer adapted this
methodology by using a 300 x 4 mm 1i.d. p-Bondapak CN column with a 60 : 40

acetonitrile : 0.1 M sodium acetate mobile phase, adjusted to pH 5.0 with acetic acid, to
analyse benzalkonium chlondes (Meyer, 1980).

Nakamura et al. (1981) published the first of a series of papers on the separation
of alkylbenzyldimethylammonium chlorides using a 250 x 4 mm i.d. column packed
with Spm TSK gel / ODS silica. ODS packed columns have subsequently been utilised
by other research groups to enable the separation of quaternary ammonium species.
However, they were found to be ill suited to the analysis of the cationic tensides, an

observation that was attributed to the strong electrostatic interactions between the silica

surface and the analytes of interest (Santoni ef al., 1993).

In 1988 de Schutter et al. used a novel mobile phase with two modifiers to
separate a series of quaternary ammonium drugs. The addition of an amine and a
sulphonate to an aqueous mobile phase system resulted in improved separation over that
obtained with only the amine present. However, peak tailing was dramatically reduced,

when only the sulphonate was present.
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The use of indirect UV absorbance was reported by Helboe (1983) who
evaluated the resolution offered by a sertes of Nucleosil column, including silica 5, Cs,
Cs, and CN, and Nucleosil 7 phenyl. The CN column was reported to offer the most
efficient separation. In the same year, Larson ef al. (1983) used a Partisil SCX column
to separate a group of alkyltrimethyl quats. Huang used a Zorbax Cg column with a
methanol : water mobile phase containing 5 mM p-toluenesulphonic acid and indirect
UV detection to identify dihydrogenatedtallowdimethylammonium chloride
(DHTDMAC). However, problems of co-eluting impurities were noted. Metcalfe

reported routine analysis of the DHTDMAC compound Arquad HT on a p-Bondapak

Ci3 column with a 95 : 5 : 0.3 methanol : water : acetic acid mobile phase although no

evidence of the attained separation was forthcoming,.

Simon et al. (1987) 1dentified the aliphatic and polyamine intermediates of quat
manufacture using Nucleosil CN and C;g columns with an acetonitrile : water gradient
programme, whilst Dowle et al. (1989) utilised a column packed with a similar
polystyrene-divinylbenzene material to that used by Nakae et al. to separate amines and
quaternary ammonium species. A 60 : 38 : 2 acetonitrile : water : acetic acid mobile

phase being used for all separations.

In 1987 de Ruiter et al. published the first paper on the use of post-column ion-
pair extraction in the detection of quat species. After separation of the mono-, di- and
trihydrogenatedtallowmethylammonium chlorides utilising a mixed mode cyano-amino
Partisil PAC 10 um column, (a gradient chloroform : methanol : acetonitrile mobile
phase system being employed) the analytes were mixed with methyl orange or 9, 10
dimethoxyanthracene-2-sulphonate, extracted into chloroform and passed through a
sandwich phase separator into the detection cell of a UV or fluorescence detector.
Detection limits of 10 ng/l for fluorescence detection were quoted. Subsequent papers
have reported improvements in the efficiency of the system by the utilisation of a
Partisii PAC 5 column with a chloroform : methanol : acetic acid mobile phase
employed under gradient conditions (Gort et al, 1993; Fernandez et al, 1996).

Alterations and improvements to the extraction system have also been reported.

Engelhardt et al. (1995) published a derivatisation method suitable for the

analysis of quaternary aminoalcohols, the degradation products of the esterquats. The
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addition of 9-fluoroenylmethylformamate resulted in the formation of a series of
complexes, which were identified by fluorescence. Separations were performed on a
Nucleosil SA 5 column with a acetonitrile : water : 0.1 M sodium acetate gradient
system. The denvatisation step required 30 minutes to reach equilibrium, and in the
analysis of unknown samples, a number of reactions needed to be performed, in order to

obtain a constant ratio of complex formation.

Conductivity detection was first reported by Wee e al. (1982) who described the
separation of four quat species with a Partisil PAC 10 column and a 92 : 8 chloroform :
methanol mobile phase. Subsequent work by Gerike ef al. (1994) and Breen et al.
(1996) have improved peak resolution by using a PAC 5 column and altering the mobile
phase to a 89 : 10 : 1 chloroform : methanol : acetic acid system. It is interesting to note
that although the mono-, di- and tri- homlogous series were eluted as single peaks, the
separation of the three classes 1s not as efficient as that obtained by de Ruiter et al.
(1987).

Nitschke et al. (1992) used a similar system to identify a range of cationic
surfactants including esterquats. Detection limits were reported to be in the low pg /1

range.

Alternative detection-systems have been used previously by Spagnolo et al.
(1987). These researchers employed a refractive index detector and a SCX column to
separate a mix of aromatic and nonaromatic quats. Although separations in a
homologous series are reported, they were only possible with the trimethylquats, as the
other series were eluted as single peaks. Caeser et al. (1989) utilised a similar detection

system to determine dialkyl quats in commercial personal care formulations. Two p-

Bondapak CN columns connected in series and a 55 : 45 ; 0.1 water : acetonitrile :

trifluoroacetic acid mobile phase were employed.

A series of papers published by Wilkes ef al. (1992, 1994, 1996) reported the

use of an evaporative light scattering (ELS) detector to analyse groups the mono-, di-
and tristearyl- ammonium bromides separated on a 250 x 4.6 mm i.d RSil polyol
column. Wilkes ef al. highlighted that the retention times obtained with the system used

by Gerike et al. and Breen et al. were very much dependent on the methanol
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composition of the mobile phase and the analyte concentration. Using a gradient elution
programme based on § mM trifluoroacetic acid in hexane and 5 mM trifluoroacetic acid
in THF : methanol 3 : 1, Wilkes ef al. were able to obtain stable retention times over a
number of injections at various concentrations. The polyphenol column showed good
separation of the mono-, di- and tri- constituents as well as being able to partially

separate constituents of a homologous series.

Mass spectrometry (MS) 1s well suited to the identification of minor components
present within a complex matrix. Cotter et al. (1982) published one of the first papers
on the use of mass spectrometry in the analysis of cationic surfactants. Using direct-
exposure chemical ionization MS they were able to identify the presence of a series of
tenside molecules in a commercial sample. Lyon ef al. (1984) extended this work with
the analysis of a commercial dihydrogenated-dimethylammonium chloride. Fast atom
bombardment (FAB) mass spectrometry gave rise to abundant ions at m/z 550, 522,
494, 466 and 438. Collision-activated desorption spectra revealed these ions to

correspond to molecules with alkyl chain lengths ranging from Cy4 to Cs3.

In 1988 Simms et al. (1988) published one of the first papers on the use of mass
spectrometry for the quantitation of cationic surfactants in environmental matrices.
Using isotopically labelled internal and external standards, FAB-MS and a signal
averaging technique, the group were able to analyse cationic surfactants at
concentrations approaching 100 ng/l. A subsequent paper by Simms et al. (1992)
combined the use of FAB-MS with liquid scintillation counting, in order to characterise
the biodegradation pathway of a newly synthesised ester quat. Quantitation of the ester
quat in a sludge matnx and the rate of formation of a biodegradation intermediate were
reported. Furthermore, 1n 1992, Lawrence (1992) used a continuous-flow fast atom
bombardment interfac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>