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Abstract

Drinking water pollution by faeces and associated enteric pathogens can cause serious health issues and
outbreaks of diseases. A fast and reliable indication of faecal pollution is necessary to prevent the con-
sumption of polluted water. This work aims at identifying faecal pigments in wastewater and discusses
the possibility of using on-line fluorescence monitoring of faecal pigments in water as a tool for the
detection of faecal pollution. Three faecal pigment standards, urobilinogen, urobilin, and stercobilin, as
well as wastewater in- and outflows from five German wastewater treatment plants (WWTPs) were
characterized by 2D fluorescence spectroscopy (using Excitation Emission Matrices), and by high per-
formance liquid chromatography (HPLC) coupled with absorption (DAD) and fluorescence detection
(FLD), as well as mass spectrometry (MS). Furthermore, tests on faecal pigment stability, reaction to
zinc addition, kinetics, and pH influence on faecal pigment fluorescence were performed. With the ob-
tained fluorescence data, a parallel factor analysis (PARAFAC) model for the detection and quantifica-
tion of urobilin and stercobilin in real water samples was developed. An addition of zinc to the pigments
in real water lead to a time-dependent fluorescence intensification of a factor >30 and red shift of the
pigments’ fluorescence spectra, which can be used as a tool to detect low concentrations of faecal pig-
ments in water. Urobilin and stercobilin were identified in all examined WWTP inflows. The results and
literature study indicated that a degradation of faecal pigments during wastewater treatment may have
taken place. In the wastewater of one treatment plant, fluorescein was detected. Fluorescence detection
and quantification of faecal pigments in wastewater was possible with the help of zinc addition or prior
enrichment, but more studies are needed to enhance the sensitivity of the method to be sensitive enough
to detect faecal pollution in concentrations relevant for drinking or surface water monitoring. It was
concluded that fluorescence detection of faecal pigments in water is promising as an early warning sys-
tem, but in this study it did not prove sensitive enough to be used as a stand-alone method.

Keywords: wastewater, faccal pollution, faecal pigment, fluorescence, urobilin, stercobilin



Popular Science Summary

It is not new that one can get sick by the consumption of polluted water. Many of the diseases spread
with polluted water are caused by organisms living in faeces, which are present in the water because
there has been some faecal contamination. Understandably enough, ingesting faeces and pathogens with
water is not a nice thought. For this reason it is very important to detect any faecal pollution of drinking
or recreational water as fast as possible. For the detection, the yellow-brownish pigments that determine
the colour of urine and faeces can potentially be used as indicators. Some of these pigments are fluores-
cent, which means that they emit light with a characteristic colour when they are illuminated and this
can be used to identify them.

There are already other methods to detect faecal pollution of water, but the established methods take
a lot of time and labour is necessary to handle water samples in the laboratory. To detect faccal pollution
with the help of fluorescence techniques would have the advantage of being very fast and requiring little
handling. Especially a fast result is important to warn people before they drink polluted water or swim
in it.

In this study, it was investigated how well the fluorescence detection of faecal pigments works under
different conditions. One aim was to find the pigments in wastewater with the help of fluorescence
techniques. Also, an unidentified fluorescence signal that had been found in an earlier study in
wastewater was examined. For this purpose, faecal pigments (urobilin, urobilinogen and stercobilin
standards) were characterized in different water media with fluorescence spectroscopy as well as with
some reference methods. Samples from 5 different wastewater treatment plants were taken and also
characterized with the same methods as the pigment standards. Then the results were compared. To
make the identification of faecal pigments easier, a model was developed that was supposed to recognize
faecal pigments in water by interpreting fluorescence data.

It was found out that the unidentified fluorescence signal in wastewater was caused by several sub-
stances, both faecal pigments and also another substance, which is called fluorescein. As the name says,
this is a chemical which has a strong green fluorescence and can be used to mark the flow of water, for
example when leaching from a pipe is suspected (it is also said to have been used earlier to dye the
Chicago river green on St. Patrick’s Day, but that is another story). The faecal pigments could be found
in the inflow to all wastewater treatment plants, but they could not be found in the cleaned outflow of
the plants. It was not possible to recognize the pigments by fluorescence only, because wastewater con-
tains many other substances. An enrichment of the wastewater, meaning that it was concentrated, could
help. Adding zinc to the wastewater also improved the fluorescence signal and might make an enrich-
ment unnecessary. However, the fluorescence intensity after zinc was added decreased again, so more
tests need to be done to get a reliable method. Fluorescein was mainly found in water from one of the
treatment plants. It looks very similar to faecal pigments in its fluorescence, causing a risk to confuse
the substances. The model was able to solve this problem and could distinguish between faecal pigments,
their zinc complexes and fluorescein. However, the model needs to be tested on more data to ensure its
reliability. In conclusion, there are still some uncertainties and the method is not yet sensitive enough,
but after some more development, fluorescence detection of faecal pigments in water has a great poten-
tial.
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Glossary

Aem

Aex
Aqualog
DAD

EEM

Gain factor
FLD

HOWI

HPLC
LOD
LOQ

Matrix

Medium
MilliQ
MS
NMF

PARAFAC

Phosphate buffer

SB

SSE

UB

UBGN

WWTP

Emission wavelength [nm]

Excitation wavelength [nm]

Horiba Aqualog fluorescence spectrometer

Diode array detector (UV-Vis absorption)

Excitation emission matrix

Gain in fluorescence intensity in relation to the start intensity
Fluorescence detector

Drinking water after active coal filtration from the drinking water
plant Hosterwitz, Germany

High performance liquid chromatography
Limit of detection
Limit of quantification

Refers in this case to the excitation emission matrix (EEM) of fluores-
cence intensities resulting from a fluorescence measurement

Refers to the liquid, in which the pigment standards were measured
Ultrapure water (filtrated through a membrane filter)

Mass spectrometry

Non-negative matrix factorization

Parallel factor analysis

If not stated otherwise, this refers to phosphate buffered MilliQ water
atpH 6.6

Stercobilin

Sum of squared error
Urobilin
Urobilinogen

Wastewater treatment plant



1 Introduction

Faecal pollution in water is not only an unpleasant thought, but often the cause of pathogen presence in
drinking or surface water. Especially in regions with lacking or insufficient sanitation, severe disease
outbreaks can be caused by faecal pollution of drinking water (Ashbolt, 2004). Pathogen detection,
however, is difficult and the analysis of microbial or molecular indicators of faecal pollution can be a
time consuming and complicated effort (Jones-Lepp, 2006). Minimizing the time that passes between
the pollution event and its detection is critical to take measures for preventing the consumption of pol-
luted water by people. Thus, in order to minimize health risks, there is a need for fast and reliable indi-
cation of faecal pollution in water.

Optical methods like fluorescence spectroscopy provide a good tool for water quality assessment
because they do not require a lot of effort in handling and the results are visible immediately. A further
advantage is the possibility of on-line monitoring, allowing for continuous data collection. Thereby,
already small changes in the water quality can be detected, as well as quality problems reported imme-
diately. There are already some common applications of fluorescence spectroscopy for environmental
monitoring, including e.g. classification and quantification of dissolved organic matter (DOM) in marine
water and freshwater, as well as wastewater analysis (Hudson et al., 2007; Henderson et al., 2009).

Fluorescence detection of bile pigments has been used for medical purposes for a long time, because
high bile pigment levels in urine and faeces can be an indication for a clinical liver function (Watson,
1931 in Bloomer et al., 1970). More than a century ago, faecal pigments were described and methods
for their detection were developed (Jaffe, 1868, cited in Watson, 1969; Van Lair and Masius, 1871, cited
in Watson, 1969; Schlesinger, 1903). In environmental science however, these pigments have been dis-
covered to be useful as an indication for faecal pollution much later. In combination with high perfor-
mance liquid chromatography, fluorescence detection of faecal pigments in a river was studied in Japan
in the early 1990s (Miyabara et al., 1994c). Since then there have been several studies on the subject of
using faecal pigments as indicators of faecal pollution in water with different methods. Studies about
the detection of faecal pigments in wastewater were done (Loganathan et al., 2009; Miyabara et al.,
1994d), and as well about urobilin as an indicator of faecal pollution in the environment (Jones-Lepp,
2006; Piocos and La Cruz, 2000). However, the use of fluorescence spectroscopy to detect urobilin in
water, without prior enrichment or help of other methods, has, at present, only been documented by
Bixler et al. (2014), who used cavity-enhanced fluorescence spectroscopy.

In a previous Master thesis from Technologiezentrum Wasser (TZW - DVGW Technologiezentrum
Wasser, Aullenstelle Dresden), unknown fluorescence peaks were found in wastewater (Dang, 2016),
which were suspected to be faecal pigments. Now it should be examined whether faecal pigments can
be detected in wastewater by means of fluorescence spectroscopy and if fluorescence spectroscopy of
faecal pigments could potentially serve as a stand-alone method for monitoring faecal pollution in water.



2 Aim

The aim of this work was to characterize not interpreted fluorescence signals, which were found in
wastewater in a previous study at TZW, and to assess the applicability of using fluorescence detection
of faecal pigments for the indication of faecal pollution.

For this purpose, some research questions were raised

e [s fluorescence spectroscopy suitable for the detection and quantification of faecal pigments in
water?

e Can the pigments’ fluorescence signal be enhanced for a more sensitive detection?
e s faecal pigment fluorescence stable over time?

e (Can faecal pigments be detected and quantified in wastewater by using fluorescence spectros-
copy?

e  Which fluorescent faecal pigments are present in wastewater?

In the process of answering these questions the following aspects were investigated

e Characterization of stercobilin, urobilin and urobilinogen standards by means of fluorescence
spectroscopy, HPLC and MS

o Establishing a relationship between faecal pigment concentration and fluorescence intensity
by the construction of calibration curves and determination of analytical limits for fluores-
cence detection of the pigments

e Examination of fluorescence enhancement by zinc addition to urobilin and stercobilin

e Assessment of faecal pigment stability in different media and under different storage condi-
tions

e Determination of pH influence on faecal pigment fluorescence

e Screening of wastewater samples (WWTP inflow and outflow) from five different wastewater
treatment plants for faecal pigments by fluorescence spectroscopy, HPLC, and MS

e Characterization and quantification of faecal pigments (urobilin and stercobilin) present in
wastewater

e Development of a general model for identification and quantification of faecal pigments in
water



3 Background

3.1 Faecal pigments

The term faecal pigments refers to pigments present in the intestine, which are excreted with faeces and
urine, giving them their characteristic colour. As faecal matter is excreted from the body, its pigments
are as well, together with countless microbes. Some of the pigments in faeces are fluorescent, which
makes them detectable with optical methods and a promising alternative to microbial indicators of faecal
pollution on food as well as in water (Bixler et al., 2014). Additionally, faecal pigments have their
excitation and emission maxima in a region, where not many other substances appear, making them
relatively well distinguishable.

3.1.1 The heme metabolism

Faecal pigments have their origin in the heme metabolism. Heme is a porphyrin, a cyclic tetrapyrrole,
with iron in its center. It is present as a part of hemoglobin in red blood cells, as well as in hemoproteins
which can be found in all mammalian cells (Crawford et al., 1988). The majority of faecal pigment
comes from the degradation of red blood cells, which die off after a lifetime of approximately 120 days
(Crawford et al., 1988). During the degradation process of heme, its porphyrin structure is broken up,
the iron is removed, and a linear tetrapyrrole is created (Figure 1, Boiadjiev and Lightner, 1999). The
word “linear” refers to a cleavage of the porphyrin ring structure, rather than the actual shape of the
molecule (Crawford et al., 1988).

HO.C COH HO,C

Heme Biliverdin Bilirubin

Figure 1. Conversion of the porphyrin (cyclic tetrapyrrole) heme to bilirubin, a linear tetrapyrrole
(Boiadjiev and Lightner 1999, with permission).

Via several steps, heme is converted to bilirubin in the plasma and then transferred to the intestines
(Figure 2). A series of reduction steps performed by intestinal microbes then transforms bilirubin to
several so-called urobilinoids, which are, like bilirubin, linear tetrapyrroles. The “end products” excreted
with faeces and urine are mostly urobilinogen and stercobilinogen, which are colourless, as well as their
coloured oxidation products stercobilin and urobilin. Stercobilin is considered to be the dominant pig-
ment in faeces (Orten, 1971). Apart from those mentioned above, the presence of more urobilinoids in
faeces has been documented, some examples are half-stercobilinogen, half-stercobilin, and several uro-
bilins with different molar weights (Watson, 1969). A part of urobilinogen is reabsorbed from the intes-
tine and excreted in urine, becoming oxidized to urobilin. Most of the bile pigment is, however, excreted
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via the faecal route (Crawford et al., 1988). A daily excretion of 1-2 mg urobilin and 150-250 mg ster-
cobilin is considered to be normal for an adult person (Orten, 1971). While stercobilin is stable to oxi-
dation, urobilin can be further transformed via mesobiliviolin to glaucobilin (Watson, 1969). The trans-
formations in the intestines are complex and, although urobilin and stercobilin were already detected in
1868 and 1871, respectively, there was an active discussion going on about structure and relationships
of faecal pigments until the 1970s (Petryka et al., 1975). Since then, the active discussion about the topic
has decreased, but the reaction pathways of faecal pigments in the intestinal tract are still not fully un-
derstood (Vitek et al., 2006).

Figure 2 shows a schematic view of the faecal pigment metabolism, which was strongly simplified to
ensure clarity. For a full picture including all important urobilinoids the reader is referred to Watson
(1969).

Heme

Biliverdin
Bilirubin

plasma transport— liver — bile — intestine
Bilirubin

several reduction steps . . - .
partial reabsoption from intestines

and excretion with urine

o

Y
Stercobilinogen -+—Hz Half-Stercobilinogen fi Urobilinogen
(colourless) (colourless) (colourless)
l 'Hz l‘Hz l —H2
Stercobilin Half-Stercobilin Urobilin —— Glaucobilin
(vellow-brown) (vellow)

Figure 2. Simplified figure of the faecal pigment metabolism (modified after Watson, 1969 and Vitek et al., 2006).

It has to be mentioned that there are several different forms of the urobilinoids, which differ in their
optical activity. In nature there is often one dominant form, which is laevorotatory (-)-stercobilin and
dextrorotatory (+)-urobilin (Boiadjiev and Lightner, 1999). Synthetic urobilin and stercobilin can con-
tain several different isomers and thus differ substantially from the naturally obtained pigments. To
simplify, the different forms are not considered in this thesis. Stercobilin, urobilin, and urobilinogen are
shown in Figure 3 (after Vitek et al., 2006).
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Figure 3. Structure of urobilinogen, stercobilin, and urobilin (Chemograph; after Vitek et al. 2006).

3.1.2 Indicator function

Usually, the contamination of water is assessed by the help of indicators for faecal pollution, instead of
directly measuring pathogens (Cimenti et al., 2009). Faeces, especially of human origin, are the primary
source of many important waterborne pathogens in developing regions (Ashbolt, 2004). These include
bacteria (e.g. Salmonella typhi, Shigella spp., Vibrio cholera), viruses (e.g. rotaviruses, enteroviruses),
protozoa (e.g. Entamoeba histolica, Chryptosporidium parvum), and helminths (e.g. Ascaris lumbri-
coides) (Ashbolt, 2004). Indication of faecal pollution can therefore indicate an increased risk for the
presence of pathogens. Typical indicators for faecal pollution are microbes present in faeces, but it can
also be chemicals that fulfil certain requirements. The indicator should, according to Maier (as cited in
Cimenti ef al., 2009)

e always be present in the case of faecal contamination,

e not be present in the environment without faecal contamination,

e be suitable for different environments (ground water, surface water, sea water),
e be present in at least the concentration of the pathogen or greater,

e be more persistent than the most persistent pathogen, and

e be detectable faster, more sensitive and less expensive than the pathogen.

Miyabara et al. (1994c¢) concluded that urobilin was a suitable indicator for faecal pollution in water and
behaved, under laboratory conditions, similarly to total as well as faecal coliforms in water obtained
from a polluted river in Japan. About the behaviour of faecal pigments in the environment under non-
controlled conditions, however, not much is known.
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3.1.3 Metal complex formation

In nature, many of the remarkable functions of the porphyrins, the parent molecules of faecal pigments,
are connected to metal complexation. In hemoglobin, an Fe**-porphyrin complex is the heme part and
in chlorophyll, the equivalent is a Mg**-porphyrin complex. The ability to complex with certain metals
is still given when the porphyrin ring structure is broken up, like in faecal pigments. If such metals are
present in a water matrix, for example Zn*" or Mg*", they can bind to the pigments, changing their
fluorescence properties. This property can be used as an advantage for the fluorescence detection of bile
pigments. When zinc is added to a solution containing urobilin or stercobilin, the fluorescence of these
pigments is enhanced and their emission spectrum shifted to longer wavelengths, also called a batho-
chromic or “red” shift (Schlesinger, 1903; Miyabara et al., 1992). The intensification makes the pig-
ments much easier to detect in a solution containing low concentrations of pigment. This phenomenon
was used by Schlesinger (1903), who developed a method for the fluorescence detection of urobilin in
urine with the addition of zinc.

3.2 Fluorescence

Fluorescence is a form of luminescence, in which molecules that absorb light are excited to a higher
energy level and subsequently emit light when they relax back to the ground state (Figure 4, after
Lakowicz, 2010). Absorption of energy in the form of light is therefore a prerequisite for fluorescence.
When a molecule absorbs a certain amount of light energy, called a quantum, it can be excited to a
higher energy state (S1). Within this excited state there are various vibrational energy levels. The mol-
ecule relaxes to the lowest of vibrational levels in S1. From this level, it can relax back to the ground
state via various ways, of which one is the emission of light. This light, emitted while relaxing from the
lowest level of the first excited state to the ground state, is called fluorescence and lasts for approxi-
mately 10 (10"'-107) seconds (Coble, 2014). Several other relaxation processes compete with fluores-
cence, causing the molecule to lose energy without emitting light. How much light is emitted depends
on the relation between fluorescence and other relaxation forms. The relation between emitted and ab-
sorbed light is called quantum yield (Coble, 2014).

. vibrational relaxation
absorption

T

fluorescence

Figure 4. Jablonski diagram of energy levels (modified after Lakowicz, 2010).
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The energy of light is proportional to its frequency and inversely proportional to its wavelength, which
means that light with a short wavelength has a higher energy than light with a longer wavelength. As
energy in the excited state is not entirely conserved, emission of light always takes place at longer wave-
lengths, i.e. lower energy, than the absorption of light (Coble, 2014). Which wavelength the emitted
light has, depends largely on the molecular structure of the fluorophore, i.e. the fluorescent substance,
and the possible electron transitions. The less energy lies between the lowest excited state and the ground
state, the longer the wavelength of the emitted light (Coble, 2014).

While almost all molecules absorb light, only some molecules are able to exhibit fluorescence. This
makes fluorescence spectroscopy a very specific method, which is, however, as the name implies, lim-
ited to fluorescent substances (Guilbault, 1990).

3.2.1 Fluorescence spectroscopy

When measuring the fluorescence of a sample with a fluorescence spectrometer, the result is a matrix
consisting out of measured fluorescence intensities at certain excitation and emission wavelengths,
called excitation emission matrix (EEM). The matrix can be taken apart into excitation spectra, showing
the efficiency of a certain wavelength in exciting the sample, and emission spectra, showing at which
wavelengths the sample emits light (Figure 5).

Example EEM

Excitation spectrum

[
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Figure 5. Composition of an EEM (top, right): Excitation (top, left) and emission (bottom, right) spectra.

Every fluorescent substance has a characteristic excitation and emission spectrum, which can be used
for its identification. The emission spectrum of a substance (Figure 5, bottom) is thus independent of
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the excitation wavelength and always has the same shape — only the intensity of the signal will vary
depending on the excitation wavelength. If a substance is measured in different concentrations, its fluo-
rescence intensity, i.e. the height of the fluorescence signal, will be different, but not the form of the
spectra.

An EEM shows a composition of all fluorescence signals obtained when measuring a sample. If there
are several fluorescent substances in a sample, they will all reflect in the matrix. However, signals can
overlap and it is possible that different substances have the same excitation and emission spectra and
appear as one peak instead of separated peaks. If this is the case, it is impossible to distinguish between
substances by using fluorescence spectroscopy alone. On the other hand, if there are several fluorescence
peaks differing in their excitation or emission spectra, there must be several substances present. As an
example, Figure 5 shows an EEM with only one fluorescent substance, which has its main peak at an
excitation wavelength of 485 nm and an emission wavelength of 500 nm (Acx/em = 485/500 nm).

A part of the light used to excite the sample is scattered (Coble, 2014). There are several forms of
scatter, with the ones most relevant for this study being Rayleigh and Raman scatter.

e Rayleigh scatter is caused by the scattering of light from the sample without loss of energy
(slope=1), which shows as a diagonal band in an EEM (Figure 5).

e Raman scatter is caused by the solution, e.g. water molecules, scattering light, which leads to a
loss of energy. The Raman scatter can be removed by measuring only the solvent and removing
this as a blank value. Removal of the Raman scatter is done as a part of pre-processing of fluo-
rescence data. Therefore, Raman scatter is not visible in the EEMs anymore. It is however im-
portant for the normalization of fluorescence data (3.2.2).

There is a 1** and 2™ order scatter. The first order appears at the wavelength the sample is excited with
and the 2™ order scatter appears at double the excitation wavelength.

3.2.2 Fluorescence spectrometer design

EEMs are recorded with a fluorescence spectrometer. A sample is excited at certain wavelengths and
simultaneously a detector detects the light, which is emitted by the sample (Figure 6). First, light from
a bulb is directed to an excitation monochromator, where its spectrum is split up into its wavelengths
and only a certain wavelength-fraction at a time is led to the sample. Part of the light goes to a reference
detector, which monitors the intensity of the exciting light source, while the other part reaches the sam-
ple. When the sample emits light, the light is again directed to an emission monochromator and split up,
so it can be detected which wavelengths are emitted in which intensity. Usually, one wavelength after
another is registered by a detector. In the Horiba Aqualog fluorescence spectrometer, which was used
in this study, a detector registers all emitted wavelengths simultaneously. Apart from the fluorescence,
transmission, which is the light that passes the sample, is measured as well. From this, the absorbance
of a sample can be calculated.
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Figure 6. Schematic fluorescence spectrometer design.

There are problems comparing between results obtained with different spectrometers, because spec-
trometer properties can vary. Even when measurements are done with the same spectrometer, the meas-
urements need to be normalized. Integration over the area of the Raman peak, i.e. the intensity of the
Raman scatter, can be used for normalization of the intensities between different samples. For this pur-
pose, a standard water cuvette filled with pure water should be measured at Acx 350 nm together with the
samples to serve as reference. The intensity of such normalized samples is given in raman units (r.u.).
If the samples are not normalized with the intensity of the Raman peak, the intensity can only be given
in arbitrary units (a.u.).

3.2.3 Fluorescence influencing factors and quenching

The term quenching describes all processes that lead to an extinction or diminishing of fluorescence.
Environmental factors, such as pH and temperature of the sample, will influence the result. High tem-
perature causes molecules in the water to move faster, thereby increasing the probability of molecules
colliding. If they collide, they are transferred back to the ground state without emitting light, which
lowers the fluorescence intensity of the sample. Therefore, the fluorescence intensity will be higher if
the samples are measured at a lower temperature (Guilbault, 1990). If the sample contains particles, the
result has to be corrected for that. It is best, however, if the sample is filtrated first and all particles are
removed (Guilbault, 1990). A change in pH can lead to protonation or deprotonation of functional
groups in molecules. This can alter the fluorescence intensity by increasing or decreasing the relation
between fluorescence and other relaxation processes without light emission. Spectra can also be shifted
to shorter or longer wavelengths by a pH change (Coble, 2014). Quenching can take place both in the
ground state (static quenching), or in the excited state (dynamic quenching). Temperature quenching (as
described above), is an example of dynamic quenching, while the change in molecular structure leading
to a loss of fluorescence, e.g. by a binding reaction, belongs to static quenching.
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4 Materials and methods

4.1 Materials

4.1.1 Chemicals

Standards of urobilinogen (AppliChem, C33Haz-50N4O0g, MW 590.7-598.8 g/mol), urobilin hydrochloride
(Frontier Scientific, C33H43CIN4Os, MW 627.2 g/mol), stercobilin hydrochloride (Chemos GmbH,
Cs33H47CIN4Og, MW 631.2 g/mol), and uranin (Serva, C;0HioNa>Os, MW 376.2 g/mol), a sodium salt of
fluorescein, were used. Urobilin and stercobilin hydrochloride standards, which were in crystalline form,
were dissolved in ultra-filtrated water (MilliQ) to stock solutions of 85 mg/l and 60 mg/l of pigment,
respectively. Urobilinogen standard was present as a liquid solution of 40 g/l. All standards and solutions
thereof were kept refrigerated at 4°C.

Apart from pigment standards, zinc acetate dihydrate (Merck, Zn(CH3COO), - 2H,0) was used for
the fluorescence measurements, as well as potassium dihydrogen phosphate (Chemsolute, KH,POy4), and
disodium hydrogen phosphate dihydrate (Merck, Na,HPO, - 2 H0), to create buffer solutions. For chem-
icals used during the reference methods (SPE, as well as HPLC and MS analysis), see Appendix A.

4.1.2 Real water samples

Wastewaters from five different German wastewater treatment plants (WWTPs) were used in this study.
The samples were taken in confidence, so details to the location of the plant cannot be made public.
Three of the treatment plants were relatively small (<40000 people), while two treatment plants were
larger (>500000 people).

Drinking water before disinfection, after passing through active coal filtration (HOWTI), for the anal-
ysis of the pigment standards was obtained from the drinking water plant Dresden-Hosterwitz. Real
water samples served as a medium for measuring the pigment standards, and the wastewater samples in
particular were examined for the presence of faecal pigments.

4.2 Analytical Methods

4.2.1 General characterization and preparation of the samples

Wastewaters were filtrated through a 0.45 um GF/C glass fibre filter (Whatman) before further analysis
to eliminate particles that could be disturbing during fluorescence measurements. If necessary, they were
centrifuged for 15 min at 4700 rpm prior to the filtration. As the pH value can influence the fluorescence
result, pH was measured with a pH meter (WTW pH 540 GLP). For a detailed element analysis,
wastewater samples were sent to an external laboratory (M.U.T. Meiflner Umwelttechnik GmbH, Inge-
nieurbiiro fiir angewandten Umweltschutz).
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The pH value of the pigment standard solutions was assumed to be the same as the pH of the water
medium they were diluted in. As water media, real water samples with a pH from 6.8 to 8.4 were used
as well as MilliQ water buffered with a phosphate buffer at pH 6.6 (“phosphate buffer”). The phosphate
buffer stock solution with a pH of 6.6, containing 2.38 g/l KH,PO4 and 1.30 g/l Na,HPO4 - 2 H,0, was
prepared in MilliQ and diluted 1:20 with MilliQ for the measurements. A phosphate buffer solution with
a pH of 8.5, to test the influence of a higher pH, was prepared from the same compounds, containing
0.34 g/l KH,PO4 as well as 11.43 g/l Na,HPO, - 2 H,O, which was then diluted 1:10 with MilliQ. If
there is no further pH indication, the term “phosphate buffer” refers to the buffer with pH 6.6.

4.2.2 Spectral characterization

Standards as well as the pure wastewater samples were first characterized fluorometrically with a Horiba
Aqualog fluorescence spectrometer (“Aqualog”) to compare their fluorescence excitation emission ma-
trices (EEMs). Approximately 3 ml of sample were measured in a quartz glass cuvette. In the fluores-
cence EEM measurements, the samples were excited from 800 nm to 240 nm in steps of 5 nm. The
emission was recorded in steps of 1.16 nm between 244.2 and 825.7 nm. Detector sensitivity was high
and the integration time was 1 second. As fluorescence measurements are temperature sensitive, the
samples were, as far as possible, measured at a constant room temperature.

4.2.3 HPLC-DAD-FLD

High performance liquid chromatography (HPLC) separates a liquid sample in its constituents, depend-
ing on their solubility. A liquid sample is sent over a column to which the desired components adsorb.
Afterwards, the adsorbed substances are gradually eluded with a solvent mixture of varying polarity. In
reversed phase HPLC, which was used here, the more water soluble the adsorbed substances are, the
earlier they are eluded from the column, while less polar compounds stay on the column longer. At the
end of the column, a detector documents the time at which every substance arrives. There are several
possibilities for detection. In this case, a UV-Vis absorption detector (diode array detector, DAD) and
fluorescence detector (FLD) were used. For the comparison of two substances, their retention times are
compared. Under constant conditions, the same substance should always appear at the same time.

After their fluorescence was recorded in the form of an EEM, pigment standards and wastewaters
were chromatographically separated with HPLC to separate different substances within the sample from
each other. Later, this was repeated with enriched wastewater samples (for enrichment, see 4.2.4). 25 ul
of sample volume were injected. The sample first went through a self-filled C8 10 pm (20 mm x 2 mm)
pre-column and then over the HPLC column, which was a C18 AB 5 um from Macheray Nagel (250
mm x 3 mm). Column oven temperature was 30°C. For the separation, a solvent gradient between 90%
MilliQ and 10% methanol up to 10% MilliQ and 90% methanol was used, each with ImM ammonium
acetate as a buffer. The flow rate was 0.4 ml/min, more details to the gradient can be found in Appendix
A. A DAD and FLD sensor detected the absorption and fluorescence signal of the separated samples
over time. For the absorption, a wavelength of 490 nm was observed (spectra from 240 nm to 590 nm
in 2 nm steps were stored) and for the fluorescence detection, the signal at an excitation of 485 nm and
an emission of 500 nm was used, as this is where faecal pigments were expected to emit the most light.
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4.2.4 Solid phase extraction and enrichment

With solid phase extraction (SPE), components can be extracted from a liquid sample by adsorption to
a solid phase. Whether a compound will be adsorbed or not, depends on the chemical and physical
properties of both the compound and the solid phase. The solid phase is therefore a key point for the
extraction and has to be adapted to the desired compound. SPE can also be used as a step in the enrich-
ment of substances from a sample containing low concentrations of the compound of interest. After the
desired compounds are adsorbed to the solid phase, they are then eluded with a suitable solvent, which
is added in smaller amounts than the volume of the original sample, resulting in an enrichment.

In this study, SPE was used to enhance the fluorescence signal of several selected wastewaters, from
which a pigment signal could be expected. For this, 400 ml of each selected wastewater were enriched
with the help of 6 ml SDB cartridges (1g) from Phenomenex. Before the procedure, the pH of the fil-
trated wastewater samples was, if necessary, adjusted to 7+1 by adding hydrochloric acid or ammonium
hydroxide and confirmed stable over 4 hours. The cartridges were successively conditioned with 4 ml
of acetone, 8 ml methanol, and 8 ml MilliQ water. 200 ml of wastewater sample was loaded to one
cartridge with a flow rate of 3-4 ml/min (pump). After the extraction, two washing steps were performed
(4 ml MilliQ and 4 ml methanol 75%). Then the extract on the cartridge was, in succession, partially
eluded with 4ml of

1. 50% methanol and 50% MilliQ (50% MeOH)
2. 75% methanol and 25% MilliQ (75% MeOH)
3. 100% methanol (100% MeOH).

Each eluate was collected separately. This lead to an enrichment of the factor 50 in the eluates. For
fluorescence measurements, the eluates were then, to obtain a larger volume, diluted by a factor of 1:10,
leading to an enrichment of the factor 5 compared to the original wastewater. For further HPLC and MS
analysis, the eluates were evaporated with nitrogen gas at 50 °C until 0.7 ml of each eluate remained.
The evaporated eluates were then diluted with 0.3 ml methanol (eluate 50% and 75% MeOH) or 0.3 ml
MilliQ (eluate 100% MeOH).

The enriched wastewater sample fractions were, like the unaltered wastewater samples, analysed with
the Aqualog, HPLC-DAD-FLD and additionally with MS.

4.2.5 Mass spectrometry (MS)

Mass spectrometry is used to identify the exact mass of compounds present in a sample. A small amount
of vaporized sample is ionized and accelerated. While the ions are travelling through a tube, they are
deflected by a magnetic field. The amount of deflection depends on the charge and mass of the ions, i.e.
for ions of the same charge, the heavier they are, the less they are deflected. At the end of the tube is a
detector. Only ions that directly hit the detector are registered by it. By varying the strength of the mag-
netic field and with it the deflection, it can be influenced which ions (ions with a certain mass to charge
ratio) hit the detector. It is then possible to calculate back from the deflection and velocity to obtain the
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mass of an ion. Not only single compounds can be identified, but substances can as well be fragmented
and identified from their specific mass transfer.

Mass spectra of the standards and selected enriched wastewaters were obtained. The used system was
an LC-MS/MS API2000 (Sciex). The mode was electrospray ionization (ESI) with positive ionization
in Q1 (scan) and multiple reaction monitoring (MRM) mode.

HPLC and MS, in combination with SPE, served as reference methods for the results obtained with
fluorescence spectroscopy. The reference methods were already established in the TZW laboratory and
were performed by the responsible operator.

4.2.6 Calibration series

Figure 7. Calibration series preparation; different concentrations of urobilin in water (0 to 1 mg/l).

As it is not only wanted to qualitatively detect faecal pigments in water, but to also quantify them, one
must be able to connect the measured fluorescence intensity to the pigment concentration. For this pur-
pose, calibration curves of urobilin and stercobilin standards were established. Calibration series with
known concentrations of urobilin and stercobilin standards were measured with the Aqualog in various
media (phosphate buffer, HOWI, WWTP outflow and WWTP inflow) to relate a certain fluorescence
intensity with the respective pigment concentration. Urobilin and stercobilin concentrations used for the
calibration ranged from 0 to 1 mg/l. The addition of pigment standard to real waters leads to undesired
dilution effects of the real water background fluorescence. To avoid this, the same amount of real water
was used throughout one series (while the amount of pigment standard increased in the series) and the
remaining volume of the volumetric flasks was filled up with MilliQ (80% real water, 20% standard and
MilliQ in varying proportion). Thereby the real water concentration was the same, while the pigment
concentration increased. Figure 7 shows a picture of a calibration series preparation of urobilin. The
maximum fluorescence intensities caused by the pigments were determined by subtracting the blank
value, which is the signal of the pure medium without added pigment, from the total signal of the meas-
ured calibration series and then using the fluorescence intensity at the maximum of each concentration
for the calibration. A relationship between concentration and fluorescence intensity was established by
fitting a straight line to the data points.
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4.2.7 Zinc addition

Selected fluorescence measurements were repeated with an addition of 20 mg/1 zinc as zinc acetate to
both the standard solutions as well as the wastewater samples. An increase in fluorescence intensity was
expected from this. Also, different zinc concentrations were tested and reaction kinetics at a given exci-
tation wavelength were observed by doing continuous measurements of the samples after zinc addition
for 30 minutes. During the kinetics measurement, an emission spectrum was recorded every 5 seconds.
The excitation wavelength was 480 nm and the integration time 1 second. There was a waiting time of
1 minute between zinc addition to a sample and the start of the measurement.

Remark: A time-dependent behaviour of the fluorescence intensity after zinc addition was observed
in the course of the experiments. Before this dependency was known, usually a time of one to two hours
passed between the addition of zinc acetate to the sample and the measurement. After the time depend-
ency had been observed, the method was changed to a waiting time of 60 seconds between zinc addition
and start of the fluorescence measurement to assure comparability between the results. The data with
longer or unknown time between zinc addition and the measurement thus cannot be evaluated quantita-
tively.

4.2.8 Stability

Concerning the suitability of faecal pigments as indicators of faecal pollution, their stability is an im-
portant factor. For all standards, stability tests under different storage conditions were done. For the
stability measurements, pigment standards were diluted in different water media, i.e. phosphate buffer,
HOWI, and WWTP inflow. In addition to the phosphate buffer, HOWI and wastewater were chosen to
see whether components of a real water sample would have an influence on the pigments’ fluorescence
stability. The pigment concentration was chosen after doing some pre-tests because of the pigments’
different fluorescence intensities. Stercobilin and urobilin standards showed a much higher intensity
than the substances in the urobilinogen standard. The intensity should be well detectable, but not too
intense for the measurement device. One group of standard solutions was then stored at room tempera-
ture under light influence (“warm”), while the other group was stored in the fridge at 4 °C in darkness

“cool”). These different storage conditions represent the influence of light and temperature on the sta-
bility of the pigments in water.

There were sixteen different solutions, each prepared in a 100 ml volumetric flask,
e 0.5 mg/l stercobilin
e 0.5 mg/l urobilin

e 5 mg/l urobilinogen (only in HOWI and phosphate buffer).
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Figure 8. Schematic presentation of the stability test setup.

Fluorescence EEMs of the samples were measured regularly with the Aqualog to follow the develop-
ment of the samples’ fluorescence over time. The measurements were performed as described in 4.2.2.
During the first working week (5 days), samples were measured daily with the Aqualog. Afterwards,
samples were measured once per week for four weeks. Before the measurement, the flasks from the
fridge were brought into the laboratory to adjust to room temperature.

4.2.9 Coupling of HPLC and Aqualog (+MS)

The HPLC was coupled with the Aqualog to get detailed pictures of the fluorescence of single fractions
separated by HPLC. This was realized with a flow-through cuvette, coming from the HPLC, which lead
the separated sample to the Aqualog. The sample was first separated with a solvent gradient by HPLC
(Appendix A) and then reached the flow-through cuvette in the Aqualog, where the fluorescence inten-
sity and emission wavelengths of the sample fractions were recorded continuously.
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Figure 9. Coupling of HPLC and Aqualog: Flow-through design and resulting fluorescence matrix. 21



Instead of producing “normal” EEMs that show a matrix of fluorescence intensities at several excitation
and emission wavelengths as a result, the sample was only excited at one certain excitation wavelength
while the emission was recorded between 244 and 825 nm in 1.16 nm steps. This leads to a result that
shows fluorescence intensity depending on the emission wavelength and time (instead of emission wave-
length and excitation wavelength). The samples were, based on the peaks detected in the EEMs, meas-
ured at excitation wavelengths of 385, 465, and 480 nm, however only the excitation wavelength of 465
nm will be presented in the results.

The resulting matrix (Figure 9) shows fluorescence emission spectra of the separated sample over
time. It is possible to decompose the matrix and look at the emission spectra of the separated sample at
a certain time or at the chromatogram (at which time the emission occurs and with which intensity) at a
certain wavelength (Figure 10).
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Figure 10. Result of HPLC-Aqualog coupling: Chromatogram (left) and emission spectrum (right) of a separated fluorescent
matrix component.

In typical HPLC-FLD measurements, the fluorescence intensity at one single excitation-emission wave-
length combination is recorded over time. On a “normal” fluorescence EEM, there is a whole matrix of
excitation and emission spectra, but the sample is not separated and different fluorescence signals can
overlap. Coupling both techniques has the advantage of being able to observe the whole emission spectra
of the separated compounds in a mixture. The aim of this separation and fluorescence measurement
combined was to better understand the single components constituting the fluorescence picture in the
faecal pigment standard and wastewater EEMs. It can happen that some components overlap or have
the same spectra, but it is very unlikely that different components appear at the same time and have the
same emission spectrum. In this way, it can be determined whether compounds separated by HPLC have
the same emission spectrum, and they can also be compared. If they appear at the same time and have
the same emission spectrum it is very likely the same substance. Some changes in the molecular structure
do not influence the fluorescence characteristics of a molecule, but they do often influence the polarity.
Two substances can for example not be distinguishable in their fluorescence spectra, but they appear at
different times in an HPLC chromatogram.
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The problem with this method is, that one can compare different samples, but single substances still
cannot be clearly identified. For this, an additional coupling of a mass spectrometer to the HPLC-Aqua-
log-coupling was done. However, the analysis of the combined data is very complex and only some
results from the coupling of MS are presented in this work.

4.3 Data analysis

4.3.1 Analytical limits

Analytical limits are an important tool to know how sensitive a technique is, but also to assess how
realistic obtained results are when applying calibration series to measured data.

e Limit of detection (LOD) is the minimum detectable concentration (o = 0.05, = 0.5).

e Limit of quantification (LOQ) is the minimum concentration necessary for quantification with
a defined precision (k) of the result. In this case, k was set to 0.25. (Reichenbécher and Einax,
2011)

If a measured concentration of a substance is below the LOQ, it can only be qualitatively assessed but
not quantified and if it is below the LOD, the presence of the substance is not certain enough (Reichen-
bacher and Einax, 2011).

The detection and quantitation limits can be estimated from the fluorescence intensity data of a linear
calibration series with known concentrations. Analytical limits of the pigments were determined from
fluorescence data (EEMs) of calibration series of the different standards in phosphate buffer, HOWI,
WWTP outflow and WWTP inflow. From the calibration series, the detection and quantitation limits of
stercobilin and urobilin were quantified by using the DIN 32645 test. The test is an internationally rec-
ognized German industrial norm method for determining analytical limits of substances from linear
relationships. Outliers were identified by an outlier test (included in the DIN-procedure), and removed
prior to performing the calculation. As the test is only valid for linear relationships, a test on linearity of
the data (included in the DIN-procedure) was performed and only linear data was used.

4.3.2 Non-negative Matrix factorization (NMF)

Non-negative Matrix factorization (NMF) is a way of separating a matrix into its components. It is based
on the assumption that every matrix can be represented by a set of smaller matrices, which, summarized,
resemble the original matrix. In this study, NMF was used on the EEMs of the pigment standards in
phosphate buffer, to decompose the standards into their fluorescent components. By this, it can be de-
termined how many substances are present in the standards and what their fluorescence excitation and
emission spectra look like.
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4.3.3 Parallel factor analysis (PARAFAC)

Similar to NMF, PARAFAC can be used to identify single components in matrices. However, while
NMF is restricted to one matrix, PARAFAC is used for the decomposition of multi-way data, which is
for instance the case if there are several matrices (resulting in one more dimension). It uses the fact that
a change in concentration only changes the fluorescence intensity, but not the emission and excitation
spectra and can calculate back from the matrices to the spectra of single components. The matrices are
arranged to a “data cube” and analyzed using alternating least squares, which means that the sum of the
squares of the residuals is minimized (equation 1, Bro, 1997; Stedmon and Bro, 2008).

F

Xijie = Z AirbjpCis + Eijk
=1

In the case of fluorescence EEMs, i refers to the sample number, j is the excitation wavelength and k is
the emission wavelength. x;j is the measured fluorescence intensity of the i sample at the j" excitation
wavelength and k™ emission wavelength, while ;. is the part of the signal, which is not explained by
the model (residuals). The measured fluorescence signal is always the sum of all contributing fluoro-
phore (F) signals. The result of PARAFAC is a choice of several models that give qualitative and
quantitative information about the components modelled from the data. In the end, the concentration
(a), emission spectra (b) and excitation spectra (c¢) of the components present in the matrices are given
as a result (Stedmon and Bro, 2008). However, the right model first needs to be chosen.

Using PARAFAC, a general model of all used pigment standards and wastewaters was created. The
goal of the model was to get a tool for the evaluation of unknown water samples regarding the presence
of faecal pigments. The model should be able to recognize known compounds in water samples of un-
known composition. By this, it would be able to detect and quantify for instance faecal pigments in a
real water matrix based solely on an EEM.

4.3.4 Selection of appropriate NMF/PARAFAC models

PARAFAC and NMF modelling results in several models with a range of components that is decided
upon by the person analyzing the data. First, the matrix is explained by the least number of components
and one more component is added until the highest given number of components is reached. As an
example, if 3 components are expected in a matrix, PARAFAC/NMF models with 1 to 5 components
can be calculated. PARAFAC/NMF offers the models and gives out statistics on how well the data is
explained by each model, but it needs to be decided which model is the right one. If a model with too
few components is chosen, several sample components might be summarized to one model component.
It should, however, also be avoided to choose a model with too many components, because it is an
“overfit” — it will divide true sample components into several theoretical model components, which do
not represent reality. Choosing the right number of model components is therefore vital to get a realistic
model. To help in choosing the right model, lack of fit and core consistency can be used. The lack of fit
is the percentage of a matrix or several matrices that cannot be explained by the model. A small lack of
fit means that the model explains the data well. If there is a big improvement (decrease) in lack of fit
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between a model with a certain number of components and the model with one component more, this
indicates that that the additional component is likely a “real” water component and vital to explain the
data. If the difference in lack of fit between two models is small, the additional component does not
explain much more of the data and might not be necessary or even an overfit (Wagner, 2014). Core
consistency describes the interdependence of model components with each other. If the core consistency
is low (<50), different model components influence each other and such a model should not be chosen.
However, core consistency is not necessarily the best tool to evaluate a model as it can be too strict for
real-world data and can lead to an underestimation of components (Murphy et al., 2013). In this work,
core consistency is therefore excluded from the evaluation.

The NMF and PARAFAC calculations were done in Python (Python Software Foundation) with help of
a library developed by Dr. Martin Wagner at TZW.
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5 Results and Interpretation

5.1 Characterization of the pigment standards

5.1.1 Fluorescence

The fluorescence EEMs of all three examined faecal pigment standards showed a major peak at approx-
imately Aexem 485/500 nm as well as a smaller peak with the same emission spectrum at Aexem 360/500
nm (Figure 11). These signals were of similar intensity in the urobilin and stercobilin standard, while
they were weaker in the urobilinogen standard. The urobilin standard did not show any other fluores-
cence signals, while the stercobilin standard had one other peak at Aeyem 540/560 nm. The urobilinogen
standard showed many other fluorescence signals, e.g. a double peak at Acyem 385/620 and 385/680 while
its strongest fluorescence signal appeared at Aeyem 260/420 nm.
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035

700

025
600

020

500
015

excitation in nm
ru
excitation in nm

400

300

00 00 00 600
emission in nm emission in nm

Urobilinogen 10 mg/l 035

excitation in nm

0 600
emission in nm

Figure 11. EEMs of the faecal pigment standards in r.u.. Upper left: stercobilin (1 mg/l), upper right: urobilin (1 mg/l), lower
middle: urobilinogen (10 mg/l); Rayleigh scatter of 15t and 2" order was removed.

According to NMF modelling, the stercobilin standard contained two real components with maxima at
Aex/em 485/500 nm and 540/560 nm, plus background noise (3 component model). The urobilin standard
was explainable by one component only (1 component model). For the urobilinogen standard however,
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4 components plus noise were necessary to explain the matrix (5 component model). Spectra of the
modelled compounds can be found in Appendix B.

Urobilin and stercobilin could not be distinguished from each other in their fluorescence spectra.
Figure 12 shows the spectra of urobilin and stercobilin, which were extracted from the respective stand-

ard’s EEM with the help of an NMF analysis. The excitation as well as the emission spectra looked
identical.

1.2
- - - Excitation UB
. - - - Excitation SB
x ﬂ\ ﬂl - - - Emission UB
f Wy - - - Emission SB
@ o
o ol
c 0.8 L1
3 } 313
|,
8 )
S 06 fi h
) B 3
2 RS
®© 0.4 (f
° sl %
1 .
AR
0.2 A
/ i1k
—— A R
gl L ") o i

300 350 400 450 500 550 600 650 700 750
wavelength in nm

Figure 12. Excitation and emission spectra of urobilin (UB) and stercobilin (SB), extracted with an NMF model.

Every substance in a standard should be explainable by one emission spectrum, independent of the ex-
citation wavelength. If this is not the case, more than one substance is present, which could be seen in
the stercobilin standard and, in an extreme manner, in the urobilinogen standard (Figure 11). This can
be a sign of pollution of the standard, or it can be metabolites of the main substance, which show a
different fluorescence behaviour than the parent compound. The weak signal at Aex/em 485/500 nm in the
urobilinogen standard can be explained by the fact that urobilinogen itself is not fluorescent (Watson,
1969). If there was only urobilinogen in the standard, there would not be any fluorescence signal detect-
able. Every signal which can be seen in the urobilinogen standard’s EEM must come from another sub-
stance. It is likely that the signal at Acxem 485/500 is urobilin, to which urobilinogen can be oxidized.
Although different in structure, stercobilin and urobilin had identically looking fluorescence spectra,
extracted by NMF from their respective standard’s EEM. This implies that they cannot be distinguished

from each other by fluorescence spectroscopy, which was to be expected from literature studies
(Miyabara et al., 1992).
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5.1.2 HPLC-DAD-FLD and MS

In the previous section, the standards were characterized by fluorescence spectroscopy. To examine
what comprises the standards’ main fluorescence signal, standards were also separated and analysed by
HPLC-DAD-FLD and MS. The focus was laid on fluorescence in the region around Aey/em485/500 nm,
because this is the region where the main faecal pigment fluorescence appears.

Although the main faecal pigment fluorescence peak appeared at an excitation wavelength of 485 nm
(Aexem 485/500), an excitation of 465 nm was chosen to evaluate the fluorescence. The reason for this is
that the data presented in this section comes from coupling of HPLC, Aqualog and MS — if an excitation
of 485 nm had been chosen, only parts of the emission spectra would be visible, as the Rayleigh scatter
overlays a part of the emission spectrum. Through choosing a shorter wavelength, the whole spectra are
visible, although at a lower fluorescence intensity. HPLC chromatograms showing the absorption of the
separated standards can be found in Appendix C.
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Stercobilin

The HPLC separated stercobilin standard showed 5 different fluorescence peaks between 1005 and 1145
seconds, when excited with light of 465 nm wavelength (Figure 13 a, c). The MS chromatogram showed
5 peaks with the mass to charge ratio (m/z) of 595, which corresponds to stercobilin (Quinn et al., 2012),
as well as, in smaller concentrations, m/z of 591 and 593, pointing to urobilin and urobilinogen being
present in the stercobilin standard as well (Figure 13 b). Urobilinogen is however not fluorescent and
can therefore not contribute to the fluorescence. Stercobilin was apparently present in the form of several
stereoisomers. The different structure of the stereoisomers had no influence on the fluorescence spectra,
as the fluorescence EEM in the region Acxem 485/500 nm only showed one main peak (Figure 11), while
all different isomers contributed to the fluorescence (Figure 13 ¢). However, the hydrophilic properties
differed between the isomers, so they appeared at slightly different times in the chromatogram. Coupling
of HPLC and Aqualog showed that all the different peaks had identically shaped emission spectra with
an emission maximum at approximately 500 nm, when excited at 465 nm (Figure 13 d).

Fluorescence peaks with Acxem 465/500 appeared at 1005, 1045, 1075, 1125, and 1145 seconds.
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Figure 13. Results from HPLC-Aqualog-MS coupling of the stercobilin standard. Top left (a): Fluorescence matrix; top
right (b): MS chromatogram; bottom left (c): Fluorescence chromatogram at Aey/em 465/500 nm; bottom right (d): Emis-
sion spectra of the flourescence peaks in the chromatogram.
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Urobilin

The separated urobilin standard showed two large fluorescence peaks and a smaller peak at a wavelength
combination of Aeyem 465/500 nm (Figure 14 a, ¢). The main peak at 1010 seconds had an m/z of 591
(Figure 14 b), which is urobilin (Quinn et al., 2012), as should be expected in urobilin standard. It
appeared earlier than the main peaks in the stercobilin standard. At the position of the second highest
fluorescence and absorption peak at 1035 seconds, the MS chromatogram showed a peak with an m/z
of 593. The fluorescence at this position can however not be caused by the non-fluorescent urobilinogen.
There must be some other pigment there contributing to the fluorescence at 1035 seconds, possibly a
faecal pigment metabolite. There was almost no stercobilin in the urobilin standard. The fluorescence
peaks of the urobilin standard, like those of the stercobilin standard, all had the same emission spectra
with a maximum at A, 500 nm, as shown in the coupling of HPLC and Aqualog (Figure 14 d). Unlike
in the stercobilin standard, which showed several stercobilin isomers, there was only one urobilin-peak
with m/z 591 in the urobilin standard (Figure 14 b).

Fluorescence peaks at Aexem465/500 nm appeared at 1010, 1035, and 1100 seconds.
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Figure 14. Results from HPLC-Aqualog-MS coupling of the urobilin standard. Top left (a): Fluorescence matrix; top right
(b): MS chromatogram; bottom left (c): Fluorescence chromatogram at Aex/em 465/500 nm; bottom right (d): Emission
spectra of the flourescence peaks in the chromatogram.
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Urobilinogen

As the fluorescence EEM already showed, the urobilinogen standard was far from being clean. It con-
tained several substances fluorescing at Acx 465 nm (Figure 15). The largest fluorescent peaks appeared
at 820 seconds, 950 seconds, and 1000 seconds (Figure 15 a, ¢). The emission spectra of these chroma-
togram peaks did not look entirely identical, the peak at 820 seconds (m/z 468) having its emission
maximum at slightly lower wavelengths than the peak at 1000 seconds (Figure 15 d). A large part of the
urobilinogen standard’s fluorescence was caused by urobilin (m/z 591), the main peak appearing at 1000
seconds (Figure 15 b). Urobilinogen (m/z 593) appeared at approximately 1200 seconds (Figure 15 b)
and did, as expected, not show any fluorescence (Figure 15 c).
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Figure 15. Results from HPLC-Aqualog-MS coupling of the urobilinogen standard. Top left (a): Fluorescence matrix; top right
(b): MS chromatogram, bottom left (c): Fluorescence chromatogram at Aex/em 465/500 nm; bottom right (d): Emission spectra
of the flourescence peaks in the chromatogram.

The separation by HPLC showed that the main fluorescence signal of the pigment standards was com-
posed by several different fluorescent compounds of different masses. It became clear that none of the
standards only contained the substance it should contain, which gives a more realistic basis for interpre-
tation of the results. Knowing the composition and the appearance of the different substances and iso-
mers in a standard is furthermore a prerequisite for the comparison with real water samples later on.

While urobilin and stercobilin have similar fluorescence spectra, their HPLC chromatograms look
vastly different. Not only are the structural differences between the urobilin and stercobilin shown, but
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also the pigments’ structural isomers, if present, are expressed in several peaks at different times in the
chromatogram. HPLC was therefore a good tool to differentiate between the two pigments. HPLC of
urobilin and stercobilin was first reported by Bull ef al. (1981). In that study, stercobilin and urobilin (as
well as half-stercobilin) could also be fully separated by HPLC.

The impurities in the standards are most likely not pollution from outside, but rather related forms of
bile pigments which are metabolites of the examined pigments. Depending on the production of the
standards (synthetic or “natural”), some impurities were expected. Assuming that there was only urobil-
inogen in the standard when it was manufactured, it seems to have oxidized to other urobilinoids, in-
cluding urobilin as can be seen in the MS chromatogram (Figure 15 b). The fluorescent peak appearing
at 820 seconds could be caused by a degradation product of a linear tetrapyrrole, where one pyrrole ring
was split off. The compound with m/z 468 could be a linear oligopyrrole with three pyrrole rings, instead
of four like in the faecal pigments (Quinn et al., 2012).

5.2 Properties of the pigment standards

5.2.1 Calibration series and analytical limits

Urobilin and stercobilin standards exhibited different fluorescence intensities at the same concentration,
which showed in the fact that their calibration curves differed in slope (Figure 16). Stercobilin standard
showed, at the same concentrations, higher fluorescence intensities than the urobilin standard.

Both pigment standards differed in fluorescence intensity, depending on the medium they were meas-
ured in. Compared to phosphate buffer as a medium, the fluorescence intensity of stercobilin standard
seemed to be quenched in HOWI, and, even stronger, in WWTP inflow. No quenching was observed
for stercobilin standard in WWTP outflow (Figure 16, left). Urobilin standard was quenched in all real
waters, compared to phosphate buffer. The calibration curves for the urobilin standard in HOWI, WWTP
outflow, and WWTP inflow were very similar (Figure 16, right).
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Figure 16. Calibration curves of stercobilin standard (left) and urobilin standard (right) in different media.
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The relationship between fluorescence intensity and pigment concentration was linear in lower concen-
tration ranges from 0.01 to 0.5 mg/l. Urobilin in WWTP outflow was an exception and only showed
linear behaviour until 0.4 mg/l (Figure 16, right). If higher concentrations were included, a quadratic
function fit the data better than a linear one. In this study, lower concentrations were more interesting
for a practical application. Therefore, the calibration curves were limited to the concentration range up
to 0.5 mg/1 (0.4 mg/1 for urobilin in WWTP outflow), in which the relationship was linear. This makes
the calibration only valid for the range shown in Figure 16.

Analytical limits for the pigment standards, as well as properties of the calibration series are shown
in Table 1 and Table 2. The urobilinogen standard is not shown here, as urobilinogen itself is non-
fluorescent and can therefore not be quantified using fluorescence spectroscopy.

Table 1. Analytical limits (limit of detection (LOD) and limit of quantification (LOQ)) and calibration
curve properties for the stercobilin standard.

Stercobilin Phosphate HOWI WWTP WWTP
buffer outflow inflow

LOD [mg/1] 0.004 0.003 0.003 0.005

LOQ [mg/l] 0.020 0.014 0.015 0.027

Slope 1.50 1.34 1.54 1.09

R? 0.9999 1.0000 1.0000 0.9999

Table 2. Analytical limits (limit of detection (LOD) and limit of quantification (LOQ)) and calibration
curve properties for the urobilin standard.

Urobilin Phosphate HOWI WWTP WWTP
buffer outflow inflow

LOD [mg/l] 0.002 0.003 0.010 0.007

LOQ [mg/I] 0.010 0.016 0.046 0.035

Slope 1.17 0.84 0.86 0.82

R? 1.0000 1.0000 0.9995 0.9998

The results showed differences in fluorescence intensity between urobilin and stercobilin at the same
concentration. Urobilin and stercobilin have a very similar molar weight (590 g/mol and 594 g/mol),
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therefore this difference still exists when calculating with molar concentrations. The difference in fluo-
rescence intensity between the two pigments could mean that they differ in their fluorescence properties
(have a different quantum yield), or be a false impression caused by inaccuracy when preparing a stock
solution from the standard, because there were very small amounts of substance dissolved in a lot of
water. Additionally, none of the standards contained 100% urobilin or stercobilin, which made it diffi-
cult to know the actual concentration of the pigments in the calibration series. Unfortunately, there was
only one standard of each substance, so no repetitions with a different standard could be done and it
remains unclear, what caused this difference in fluorescence intensity at apparently the same concentra-
tion. In the case that the differences were attributable to the pigments themselves and not to any analyt-
ical inaccuracies, it would be impossible to connect one faecal pigment concentration to a certain fluo-
rescence intensity. The reason is that the two pigments are indistinguishable by fluorescence spectros-
copy, but the slope of their calibration curves is different, so they contribute differently to a fluorescence
signal. For a practical application it is however necessary to conclude from a certain fluorescence in-
tensity found in a sample to a faecal pigment concentration. One possibility to solve this is to calculate
a range of possible concentrations, assuming that a fluorescence signal results from 100% urobilin or
100% stercobilin (5.6.3). The true concentration will then lie in the range between these two calculated
values.

The observed quenching of urobilin and stercobilin in media other than phosphate buffer might be a
pH effect, caused by a difference in ionic strength, or by metal ions present in the water. pH influence
is illuminated in the next chapter.

The theoretical detection limits observed in this study were as low as 2 ug/l for urobilin and 3 pg/l
for stercobilin, but depended on the medium (Table 1 and Table 2). To evaluate the detection limit from
a practical point of view, a daily production of 150 mg faecal pigment for one person may be assumed
(150-250 mg; Orten, 1971). For reaching the detection limit of 3 pg/l, the amount of faeces produced
by one person in a day would need to be diluted in approximately 50000 litres of water, which is still a
relatively high contamination, considering that the technique should be used for drinking water moni-
toring. However, LOD could probably be lower, if lower pigment concentrations for the calibration
series were chosen. If calibration series are repeated with zinc addition, even lower limits of detection
are to be expected. Miyabara et al., (1992), got a detection limit of 0.2 ug/l after the addition of zinc
(0.1% zinc acetate in 75 mM boric acid buffer at pH 6) and separation by HPLC. They were not able to
detect any urobilin or stercobilin without zinc addition. Probably the technique was not sensitive enough.
They used the area under the fluorescence peak (separated by HPLC) for the calibration and got a linear
relationship between 1-1000 pg/l, which was a broader range than observed here. Bixler et al. (2014)
calibrated the fluorescence intensity of urobilin in the presence of zinc by integrating the area of the
emission curve after the blank value (ethanol) was removed. They observed detection limits of several
ng/l, but only used pure alcohol and had no disturbances present in real water samples. Bixler et al.
(2014) as well as Miyabara et al. (1992) both determined the fluorescence of the pigment zinc complex,
determined with the Schlesinger method, and not of the pure pigment. Additionally, Miyabara et al.
(1992) used HPLC and Bixler et al. (2014) used a cavity-enhanced form of fluorescence spectroscopy.
Although these two studies are the most similar ones to the present study, the differences in methods
make the results hardly comparable with the obtained detection limits in this study.
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5.2.2 pH influence

The pH value had an effect on the faecal pigments’ fluorescence intensity (Figure 17). The fluorescence
intensity of both, urobilin and stercobilin, was lower at a pH of 8.5 compared to a pH of 6.6 (Figure 17).
Fluorescence maxima were at approximately Aexem 485/500 nm, independent of the pH.
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Figure 17. Fluorescence EEMs of stercobilin and urobilin (both 0.1 mg/l) in phosphate buffer. Left: pH 6.6, right: pH 8.5.

As the fluorescence intensity of urobilin and stercobilin in phosphate buffer was influenced by the pH
value, the in 5.2.1 observed differences in the slope of the calibration line between different media might
have been caused by pH. Unfortunately, the standards were opened at different times and therefore the
calibration series of urobilin was measured in different water than the calibration series of stercobilin.
pH was only measured initially after sampling and not for all media. For this reason, no direct relation-
ship between the calibration series results and pH of the waters could be established. For the stercobilin
calibrations, water from the screening of WWTP A was used (inflow pH 7.6, outflow pH 6.8), as well
as freshly sampled HOWI (pH 7.9), but for the calibration series of urobilin, a second sample from
WWTP A had to be taken and the pH of this sample is unknown. The HOWI used for this calibration
could also not be freshly sampled but was three weeks old, which can have had an influence on the pH.
The pH could explain why the calibration series look different depending on the medium, but this will
have to be confirmed in future tests.
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5.2.3 Stability

The fluorescence signal of urobilin and stercobilin standards, both diluted to a concentration of 0.5 mg/I,
according to the concentration given by the manufacturer, was over the observed time relatively stable
in phosphate buffer, with even an increase in fluorescence intensity in the beginning, while it decreased
in real waters (Figure 18). In wastewater, the fluorescence intensity decreased the fastest (with urobilin
in HOWI at room temperature being an exception), while the decrease in fluorescence intensity in HOWI
under cool and dark conditions took more time. In phosphate buffer, both urobilin and stercobilin were
stable (> 80% of the initial intensity) over the days studied. Light and temperature differences did not
have a clear influence on the stercobilin fluorescence in phosphate buffer, while for urobilin in phos-
phate buffer the warm storage resulted in a weaker signal. However, although the fluorescence intensity
of the sample under warm conditions in phosphate buffer remained lower than for the cool sample, they
both had the same curve shape and overall behaviour (Figure 18). Under some conditions, there was an
increase in intensity directly in the beginning of the stability experiments of urobilin and stercobilin,
before the fluorescence intensity started to decrease.
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Figure 18. Relative fluorescence intensity of stercobilin (left) and urobilin (right), both 0.5 mg/l, over time in phosphate
buffer, HOWI, and WWTP inflow under different storage conditions. For a better comparison, relative fluorescence is
shown.

The urobilinogen standard showed an especially interesting behaviour (Figure 19). Its fluorescence in
the faecal pigment region was barely detectable on day 0, but then increased to a multiple of the initial
value. The time at which the highest intensity was reached strongly depended on the storage conditions,
with the samples stored in warm conditions reaching the peak earlier than the samples stored in cool
conditions. The peak intensity occurred between 4 and 24 days (HOWI warm vs. buffer cool). After
reaching a peak, the fluorescence intensity declined again. No stability tests for the urobilinogen stand-
ard in wastewater were done.
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Figure 19. Stability of “urobilinogen” (5 mg/l) in phosphate buffer and HOWI.

The stability of the pigments’ fluorescence intensity differed between media and storage conditions,
whereas the water, in which the pigment was diluted, seemed to have a higher influence on the stability
than temperature or light influence. It can therefore be assumed that there is not only a photochemical
degradation, but also a microbial degradation. The influence of microbial degradation becomes clear
when comparing between wastewater, HOWI, and phosphate buffer. The fluorescence intensity in phos-
phate buffer, which should have no or only little microbial pollution, was most stable, independent of
the storage conditions, while the degradation was faster in HOWI and wastewater. Also, room temper-
ature and/or light enhanced the loss in fluorescence, but only in HOWI and wastewater. This is a sign
that microbial degradation was probably the main cause for loss of fluorescence. Both, photochemical
and microbial degradation should be more pronounced in the samples stored at room temperature and
under light influence. To find out whether photochemical degradation of a relevant degree takes place,
tests with one group of samples in light and another group of samples in darkness, both at the same
temperature, would need to be done. Degradation, in this case, refers to the diminishing of fluorescence
intensity. It is not clear, whether only the fluorescence intensity diminishes over time, or whether the
pigment molecules are really degraded.

The stability of faecal pigment fluorescence also has to be taken into account when evaluating the
pigments as an indicator of faecal pollution. Miyabara et al. (1994c) found that 90% of urobilin in river
water was lost within the first two days of storage in the laboratory. The findings in the present study
showed a more stable behaviour of stercobilin as well as urobilin than in the study of Miyabara et al.
(1994c). In the present study, there were still 50% of pigment left after three days, even in the samples
in HOWI and wastewater at room temperature. These big differences in the results might be explainable
by the different methods used. If Miyabara et al. (1994c) examined the zinc-complex fluorescence only,
which was observed to be less stable than the fluorescence of the pigment alone (5.3.1), it is reasonable
that they recorded a high loss within the first two days.
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Stercobilin was, according to literature, expected to be more stable than urobilin, because stercobilin
is considered to be a stable end product, while urobilin can be further oxidized to mesobiliviolin and
glaucobilin (Bull ez al., 1981; Watson, 1969). However, the assumption of a more stable stercobilin
could not be entirely confirmed in this study. Fluorescence intensity of urobilin and stercobilin behaved
relatively similar in phosphate buffer. Urobilin fluorescence seemed to diminish faster in HOWI and
wastewater, but more data is needed to compare the fluorescence intensity of stercobilin and urobilin
over time.

Higher fluorescence intensity values in the cool samples compared to the samples stored at room
temperature, e.g. for urobilin in phosphate buffer, can partly be a result from insufficient waiting time
between taking the samples out of the fridge and the measurement, because cooler temperature enhances
the fluorescence (3.2.3; Guilbault, 1990).

In the beginning of the experiment, there was an increase in the fluorescence intensity of several
samples stored under cool as well as warm conditions, which cannot be explained by any temperature
bias. This might be caused by the transformation of some urobilinogen and stercobilinogen in the stand-
ards to urobilin and stercobilin, causing an increase in fluorescence intensity. The fluorescence of the
urobilinogen standard increased over the first days and reached a maximum of several times the starting
value. Most likely, also here the non-fluorescent urobilinogen was gradually transformed to urobilin,
which shows a fluorescence signal. However, compared to urobilin and stercobilin, the urobilinogen
standard did not reach a high intensity and approximately 10% of urobilinogen were transformed to
urobilin (given that Smg/l urobilinogen were used, compared to only 0.5 mg/1 urobilin and stercobilin).

In natural waters, the pigments would sooner or later be exposed to light. The temperature however
depends strongly on the conditions (wastewater pipe, tropical lake, alpine river, etc.). Because of this, it
cannot be judged which one of the storage conditions is the more realistic one. Given the experimental
setup, it would be very unrealistic to assume that the stability in a glass bottle in the laboratory is equiv-
alent to the stability in a natural water body. However, to know how to handle the pigments themselves,
and water for pigment analysis after sampling, knowledge about the stability under such static conditions
can be very useful.

Apart from the already mentioned possible temperature differences in the stability samples, the meas-
urements presented here were done with samples of approximately the same temperature, which should
not have any measureable influence on the fluorescence.
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relative fluorescence

5.3 Reaction to zinc addition

When zinc acetate was added to faecal pigment standards diluted in a real water sample medium, the
fluorescence intensity increased and the emission as well as excitation spectra shifted to longer wave-
lengths. The fluorescence intensity increase depended on the medium (5.3.2). The position of the fluo-
rescence maximum shifted from Aexem 485/500 nm to Aexem 500/513 nm when zinc acetate was added,
which was the same for both urobilin and stercobilin (Figure 20).
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Figure 20. Normalized excitation (left) and emission (right) spectra of urobilin and stercobilin before and after zinc addition.

The intensification of fluorescence after zinc addition can be quantified by using a gain factor. The gain
factor is calculated by dividing the peak fluorescence intensity after zinc addition by the peak intensity
before zinc addition. It is important to take into account that the position of the peak shifts and that the
slope of the peak is very steep. If this is not considered in the calculations, the peak maximum is missed,
and it will come to unrealistically high or low gain factors.

F at 500/513 nm

Gain factor =
Fy at 485/500 nm

As an example, for 0.1 mg/I stercobilin in HOWI, gain factors of 30-40 were observed at an addition of
20 mg/1 zinc after a delay of 1 minute between zinc addition and measurement start.
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5.3.1 Zinc kinetics

The gain in fluorescence intensity when adding zinc to a solution containing urobilin or stercobilin was
time-dependent. Fluorescence intensity increased within seconds after zinc addition, but it was not stable
and decreased rapidly, e.g. for 0.1 mg/l urobilin and stercobilin in HOWI with 20 mg/1 zinc the intensity
was nearly halved within 30 minutes (Figure 22). While the pigment signal became weaker with time,
Rayleigh scatter increased, as can be seen in Figure 21 where Rayleigh scatter was not removed.
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Figure 21. Fluorescence intensity of 0.5 mg/| stercobilin in HOWI over time after 20 mg/I zinc were added (a.u.). Rayleigh
scatter not removed.
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Within seconds after zinc addition, the colour of the urobilin and stercobilin solutions changed from
yellow to a light pink. For higher zinc concentrations (>10 mg/l) flocculation could be observed with
the bare eye.
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Figure 22. Time-dependent behaviour of Rayleigh scatter and faecal pigment fluorescence in HOWI after zinc addition (20
mg/l) over the course of 30 minutes. Measurements were started 1 minute after zinc addition. Left: stercobilin in HOWI,
right: urobilin in HOWI.

Figure 22 shows the fluorescence of 0.1 mg/l stercobilin and urobilin in HOWI in the kinetics mode
after addition of 20 mg/l zinc. From the start of the measurement, which was one minute after zinc
addition to the pigment solutions, a continuous decrease in fluorescence intensity was observed (Figure
22, red line). Rayleigh scatter (Figure 22, black line) was very unstable during the observed time of 30
minutes. When no zinc was added, the fluorescence intensity of stercobilin in HOWI was stable over
the time of 30 minutes (Figure 22, blue line), compared to stercobilin with zinc addition (Figure 22, red
line). The same concentrations of pigment with and without zinc are not shown in the kinetics mode, as
the signal would have been either too low for a stable measurement without zinc, or too high with zinc
addition.

How fast the decrease in relative fluorescence intensity proceeded depended on the added zinc con-
centration. When 20 mg/I zinc were added to 0.1 mg/l stercobilin, the loss of fluorescence within the
first 4 hours was over 80%, while it was only approximately 25% when only 1 mg/l zinc was added
(Figure 23). While the fluorescence intensity of the zinc complexes decreased within three days to be-
tween 2% and 30% of the initial value, the red shift remained the same. This was observed for three
days after zinc addition, then the observations were stopped.
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Figure 23. Relative fluorescence intensity of 0.1 mg/| stercobilin over time with different zinc concentrations.

The gain in fluorescence intensity when adding zinc to urobilin or stercobilin in water was time-depend-
ent, which is a phenomenon that has not yet been described for these pigments in similar studies. Neither
Miyabara et al. (1992) nor Bixler ef al. (2014) observed a time-dependent reaction following zinc addi-
tion. Kinetics of metal ion binding to e.g. proteins is, however, a known phenomenon (Cavatorta et al.,
1994). Both Miyabara et al. (1992) and Bixler et al. (2014) used the Schlesinger method by dissolving
urobilin (hydrochloride) in ethanol and adding zinc acetate. In the present study, a zinc acetate solution
dissolved in MilliQ was added into the water sample without the use of ethanol, but the results concern-
ing an enhanced fluorescence intensity and red shift were similar. It is not known whether a fluorescence
decrease with time also existed in prior studies but was either not noticed or not described, or if it was
not present. It is possible that the difference in method due to the absence of ethanol is responsible for
the observed decrease of fluorescence over time.

When adding zinc acetate to faecal pigment samples, a red shift was visible within seconds after zinc
addition, supporting that the reaction leading to a red shift and fluorescence intensity increase happened
immediately after zinc addition. The fluorescence of the complexes was not stable, as well as the fate of
the complexes unknown. It is at this point unclear, whether the pigment complexes stay complexed in a
dissolved state, are degraded, or flocculate. It also has to be determined, if the rapid loss of fluorescence
intensity is caused by a de-complexation or flocculation, or if there is an equilibrium in the solution to
be reached between complexed and free zinc and pigments. The unstable Rayleigh scatter visible in the
first 30 minutes of the zinc kinetics with urobilin and stercobilin, as well as a further increase in Rayleigh
scatter, is a sign that some particles were starting to develop. A flocculate, which could be observed
with the bare eye at high zinc concentrations, points to flocculation of some complexes — either sterco-
bilin-zinc, or some other zinc complex, e.g. zinc phosphate. While the intensity decreased with time, the
red shift remained the same, indicating that there was no de-complexation but rather an increase in
radiationless processes competing with fluorescence. Then the absorbance should stay the same over
time, while only the fluorescence decreases. A measurement of fluorescence, in combination with ab-
sorbance, in the kinetics mode could help to understand the process.
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In a practical application, time has to be monitored when using zinc to enhance faecal pigment fluo-
rescence. To make the measurements comparable and for practical reasons, the measurements of zinc
solutions were started one minute after zinc addition to the sample, after there was probably already
some decline in fluorescence intensity. The given gain factors are therefore probably relatively con-
servative estimations. The true gain factors might be much higher. For the zinc kinetics measurements,
an excitation wavelength of 480 nm was chosen to avoid disturbances by Rayleigh-Scatter. However,
as the peak of the zinc-complex at Aeyem 500/513 is very steep, as well as red-shifted compared to the
pure pigment, the peak can be missed, if an excitation wavelength so low is chosen. An excitation wave-
length of 495 nm should give more accurate results. If the measurement is conducted as soon as possible
after zinc addition, Rayleigh scatter should not disturb the fluorescence measurement. Using the whole
area under the fluorescence peak can give a more robust result than taking only the value with the highest
intensity (compare to Bixler et al., 2014), because the fluorescence peaks are very steep and the peak
intensity can be missed, causing a bias. Especially for the zinc kinetics, this would be a valuable method
of calculating the fluorescence intensity, because the intensity decreases over time. Calibration series of
pigment standards with zinc were done, before the time-dependency of the complex fluorescence was
discovered. This means, that these calibration series were not, or only under limitations, evaluable and
were not presented. For reasons of lacking time and standard material, these calibrations could not be
repeated. Therefore no analytical limits are shown for the pigment-zinc complexes.

According to Miyabara et al. (1992) there are big differences between metals in their influence on
faecal pigment fluorescence, with zinc causing the biggest gain in fluorescence intensity, compared to
other metals. The fluorescence reaction of stercobilin and urobilin in the presence of other metals than
zinc should be determined in future studies.

5.3.2 Influence of media and pH on the zinc reaction

In phosphate buffered MilliQ at pH 6.6, the pigments’ fluorescence intensity behaved differently when
zinc was added, than it did in drinking water or wastewater. While there was a strong increase of fluo-
rescence intensity in drinking water and wastewater, as well as a red shift, there was only a smaller
intensity increase and no red shift observed in phosphate buffer. In this section, the influence of pH and
the water medium as possible causes were examined.

As was observed in chapter 5.2.2, when no zinc was added to urobilin and stercobilin in phosphate
buffer, the fluorescence intensity was lower at a pH of 8.5 than at a pH of 6.6. When zinc was added,
the fluorescence behaved the opposite way. With zinc, the samples with a pH of 8.5 showed a stronger
intensity than the samples with a pH of 6.6. The gain factor of zinc addition was thus higher at a pH of
8.5 compared to a pH of 6.6 (Figure 24). Also, a red shift from Acyem 485/500 nm to 500/513 nm after
zinc addition could be observed in the samples with pH 8.5. This was missing in the samples with pH
6.6.

Urobilin and stercobilin in HOWI (pH 7.9), had a much higher intensity after zinc addition, and thus
higher gain factors, than they had in phosphate buffer at both lower (pH 6.6) and higher (pH 8.5) pH
values (Figure 24). Similar intensifications like in HOWI were observed in wastewater (results not
shown).
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Figure 24. Fluorescence intensities and gain factors of 0.1 mg/I urobilin and stercobilin in phosphate buffer with
pH value 6.6 and 8.5, as well as in HOWI before and after zinc addition in r.u.

The results showed that the pigments reacted differently on the addition of zinc in phosphate buffer and
real water. As the phosphate buffer (pH 6.6) had a lower pH than the real waters (pH 6.8-8.4), this
difference in pH could be suspected to cause this different reaction. The results imply that the pH has
an influence on the reaction of zinc with the pigments. However, when the intensity after zinc addition
is compared between faecal pigments in phosphate buffer of either pH and faecal pigments in HOWI, it
becomes evident that there must be some additional influence other than the pH catalysing the zinc
complexation and the following strong fluorescence intensity increase. The increase was much stronger
in HOWI (pH 7.9) when zinc was added than in either of the phosphate buffers (pH 6.6 and pH 8.5).
Thus, the pH value plays a role, but the pH as the only cause for the different reaction in phosphate
buffer and real waters was excluded.

Other probable causes could be that the complexation is catalysed by some other ions present in nat-
ural waters, or that the ionic strength in general causes the difference. According to Schmidt and Scholtis
(1964), a phosphate buffer disturbs the fluorescence measurement when zinc is added because of the
precipitation of zinc phosphate. This could explain why there was little enhancement of the fluorescence
when adding zinc acetate to the faecal pigments in phosphate buffer, compared to real waters. A large
proportion of the zinc was probably bound to phosphate and was not available for complexation with
the faecal pigments anymore.

The influence of pH on faecal pigment fluorescence was different, depending on whether zinc had
been added to the water medium or not. It is unclear, why this was the case. Concerning a practical
application, the influence of pH on the zinc complex fluorescence is especially interesting. Miyabara et
al. (1992) got, with 0.1% zinc acetate in the solution, a maximum fluorescence response of urobilin and
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stercobilin at a pH of approximately 6.5, decreasing towards pH 5 and pH 7. This is very different to the
results that were found here. Schmidt and Scholtis (1964) found a pH of 7.5-8.5 to be optimal using the
Schlesinger test (addition of zinc in alcohol) on several urine samples, which matches better with the
results obtained here. Only two pH buffer solutions (pH 6.6 and pH 8.5) were used in the present study.
To support the results from the literature, more tests on a broader range of pH values would be necessary.
In the present study, pH and temperature could either be controlled or were at least known, but when
measuring real waters on-line, they have to be taken into account. For all practical applications, with
and without zinc addition, these results imply that the pH value has to be monitored when measuring
fluorescence.

5.3.3 Dependency on the zinc concentration

The influence of different zinc concentrations on the fluorescence of faecal pigments was tested with
stercobilin in HOWI. Urobilin was not tested, but is expected to behave similarly. The higher the zinc
concentration, given a constant pigment concentration, the higher was the observed fluorescence signal
(Figure 25). The increase showed a non-linear behaviour and the slope of the curve decreased at higher
zinc concentrations, indicating that a saturation could be reached at higher zinc additions (Figure 25).
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Figure 25. 0.1 mg/I SB in HOWI with varying zinc concentrations (1 min between zinc addition and measurement start). Mo-

lar relations between SB and zinc were approximately 0, 1:9, 1: 45, 1:90, 1:900, and 1:1800 from 0 to 20 mg/| zinc addition.

To ensure that it was a reaction of zinc with stercobilin, and not zinc alone or other zinc complexes
causing the fluorescence increase, 20 mg/l zinc were added to HOWI without the addition of pigment.
There was no fluorescence observed, confirming that it was the zinc-pigment-complex causing the in-
crease in fluorescence intensity (Figure 25, cyan marker).

It was concluded that the addition of a high amount of zinc leads to a big fluorescence intensification,
but also to a faster loss in relative fluorescence intensity, than when only small amounts of zinc are
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added (Figure 23, Figure 25). Furthermore, the maximum fluorescence intensity was probably not
reached at an addition of 20 mg/1 zinc (Figure 25). It is surprising that an addition of 20 mg/1 zinc in the
form of zinc acetate did apparently not lead to a saturation with zinc, although the molar ratio between
zinc and pigment was 1800:1 at a pigment concentration of 0.1 mg/l (0.17 pmol/l stercobilin; 0.31
mmol/l zinc). In theory, all available pigment molecules should have formed a complex. However, there
were likely many other molecules, e.g. phosphate and dissolved organic matter, present in water, which
can bind to zinc, making it unavailable for the complexation with stercobilin or urobilin. That a satura-
tion did apparently not occur at a zinc addition of 20 mg/l, means that the experiments made with this
zinc concentration, despite the excess in zinc, do not represent the highest possible gain factor.

5.4 Fluorescein

The uranine standard (fluorescein disodium salt) showed a very similar fluorescence signal to urobilin
and stercobilin with its maximum at approximately Aexem = 485/510 nm. Its excitation and emission
spectra are shown in Figure 26.
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Figure 26. Absorption, excitation and emission spectra of uranine standard (10 ug/!
fluorescein) in phosphate buffer (pH 6.6).

While its fluorescence signal was very strong at a concentration of only 10 pg/l, fluorescein showed
almost no absorbance (Figure 26). The absorbance was, due to the low concentration, so small that it
was hardly recognizable compared to the strong fluorescence (Figure 26, red line close to 0).

The measured fluorescence spectra of fluorescein imply a danger to confuse its fluorescence signal
with that of urobilin or stercobilin and their zinc complexes. The excitation spectrum of fluorescein
looks very similar to the faecal pigments’ excitation spectra, apart from a small peak showing at 320
nm. Urobilin and stercobilin have such a small “pre-peak™ at 360 nm excitation. Fluorescein’s emission
spectrum, on the other hand, looks similar to the emission spectra of the faecal pigments’ zinc com-
plexes.
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55 Wastewater

This section will illuminate the question, whether the pigments can be found in wastewater samples
taken from the WWTP screening as well as compare the different wastewater samples concerning faecal
pigments. Samples of WWTP inflow and outflow from five different treatment plants were after recep-
tion and pH measurement first measured fluorometrically (EEM) and by HPLC-DAD-FLD. Some
wastewaters, which showed a faecal-pigment-like fluorescence signal, were selected for enrichment.
The enriched fractions were again measured with the Aqualog and also by coupling of HPLC-DAD,
Aqualog and MS. The different wastewater treatment plants are referred to as WWTP A to E.

5.5.1 Wastewater treatment plant screening (not enriched)

The pH values of the sampled wastewaters are presented in Table 3. Measured pH values were between
6.8 and 8.4. The pH of WWTP E was however not measured on the sampling day, therefore it might
have changed from the original values. Zinc concentration, obtained from a detailed element analysis,
was between 0.023 and 0.097 mg/l. WWTP B’s outflow had the lowest zinc concentration, while WWTP
D’s inflow had the highest zinc concentration.

Table 3. Overview over pH of the sampled wastewaters from the WWTP screening and approximate
size of the treatment plants.

WWTP pH inflow pH outflow zine inflow zine outflow size (people)
(mg/l) (mg/l)

A 7.6 6.8 n.a. n.a. >500000

B 7.6 7.4 0.069 0.050 15000

C 7.7 7.6 0.065 0.023 5000

D 7.9 7.7 0.097 0.039 >500000

E 8.4% 8.1% 0.058 0.079 35000

* The pH of WWTP E was measured later and might not be representative for freshly sampled water.

EEMs of all sampled wastewaters can be found in Appendix E. Example EEMs of a typical WWTP
inflow and outflow are given in Figure 27. The maximum fluorescence intensity of the wastewaters was
located below 300 nm excitation and between 300 and 400 nm emission, where protein-like fluorescence
occurs (Coble, 1996). In the inflow, the maximum fluorescence intensity was much higher than in the
outflow, which was to be expected as the outflow should be cleaner than the inflow.
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Figure 27. EEMs of inflow and outflow of WWTP A (r.u.).
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The native wastewaters did, apart from WWTP D, not show any pigment-like fluorescence signal. The
emission maxima were not at 500 nm as for faecal pigments, but at approximately 520 nm. Fluorescence
at Aex 480 nm, which could be caused by faecal pigments or their complexes, seemed to be higher in the
inflow of WWTPs A, C, and E than in the outflows, but the difference was not very pronounced and
there was no clear peak, except from WWTP D (Figure 28). In the sample of WWTP B, the smallest of
all plants, there was no visible difference between in- and outflow. WWTP D, however, was an excep-
tion as the in- and outflow both showed a much stronger signal in the faecal pigment region than the
water of all other plants. It is as well remarkable that the signal of WWTP D in the faecal pigment region
was higher in the outflow than it was in the inflow.
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Figure 28. Emission spectra of WWTP inflows (left) and outflows (right) from the WWTP screening at Aex 480 nm.

WWTP D stood out from the other wastewaters as having a strong fluorescence signal at Acx 480 nm.
The inflow of WWTP D also had the highest zinc concentration of the wastewaters, suggesting that a
fluorescence intensification after zinc complexation might cause the strong fluorescence signal. How-
ever, WWTP D’s outflow did not have a very high zinc concentration and still showed the strongest
fluorescence signal. Therefore it is suspected that the zinc concentration was not the main reason for the
difference in fluorescence intensity in the faecal pigment region between the wastewaters. The emission
maxima were not at 500 nm, but at approximately 520 nm, which could be caused by a metal complex
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with faecal pigments. Possibly, also a signal from other wastewater components might overlap with any

faecal pigment signals.

The wastewaters after separation with HPLC are shown in Figure 29. Absorption at 490 nm and flu-

orescence at Aex 485 nm of the separated wastewater in- and outflows are shown. Stercobilin and urobilin

are given as a comparison.
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Figure 29. Chromatograms of WWTP inflows (left) and outflows (right), separated by HPLC (a.u.). UV-Vis absorption at 490
nm and fluorescence emission at Aey/em 485/500 nm are given. For comparison, chromatograms of urobilin and stercobilin

standards are shown.
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Separation of the wastewaters with HPLC showed a more pronounced difference between WWTP in-
and outflows than could be seen in their fluorescence spectra in Figure 28. Apart from the outflow of
WWTP D, there was hardly any fluorescence or absorption signal at relevant wavelengths in the out-
flows. The outflow of WWTP D showed a strong fluorescence peak at slightly over 900 seconds, while
there was no absorption peak. This peak could also be found in the inflow of WWTP D and — much
smaller — in the inflows of WWTP A and E. Another fluorescence signal lacking an absorption signal
appeared at 700 seconds in the inflows of WWTPs B, C, and E. WWTP C had a small fluorescence
signal at over 1500 seconds. Apart from WWTP A, all WWTP inflows had three peaks, two very small
peaks and one larger peak, between 980 and 1100 seconds, reflecting in the absorption as well as the
fluorescence signal.

The substances causing the three fluorescence and absorption signals between 980 and 1100 seconds
in WWTP inflows C, D, and E have a strong absorption, as well as fluorescence. Comparing the sepa-
rated wastewaters with urobilin and stercobilin standards, separated with the same method, shows that
these peaks might be caused by stercobilin and urobilin. This must, however, be confirmed. While the
stercobilin standard, separated by HPLC, showed 5 different fluorescent isomers of stercobilin, there
was only one peak resembling stercobilin in the wastewaters. It is suggested that this peak corresponds
to the natural (-)-stercobilin. The separated urobilin standard showed only one main peak caused by
urobilin,

The absence of any relevant fluorescence or absorption signal in the outflows suggested that no faecal
pigments were present in detectable concentrations. Some fluorescence peaks were not reflected in the
absorption measurement, which means that the substances causing them were probably present in very
small concentrations only, but have a very high quantum yield. WWTP D’s inflow and outflow had such
a signal at approximately 900 seconds. The absence of an absorption signal and the fact that the fluores-
cence signal appeared at another time than stercobilin and urobilin suggests that the strong fluorescence
in WWTP D’s outflow, and also partly in the inflow, was not caused by urobilin or stercobilin.

5.5.2 Reaction of wastewater to zinc addition

There was an increase in fluorescence intensity and a red shift in all of the WWTP inflows when adding
zinc. However, this strong increase was absent in the outflows. Even in the outflow of WWTP D, which
exhibited a very high signal in the faecal pigment region, no intensity increase could be observed when
zinc was added (Figure 30).
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Figure 30. Fluorescence emission of the WWTP outflow (top) and inflow (bottom) in r.u., without (left) and with (right) addi-
tion of 20 mg/| zinc at Aex 480 nm.

At this point, together with the HPLC-results, it can already be concluded that the fluorescence signal
in the outflow of WWTP D was very likely not caused by a faecal pigment, because it did not react to
zinc addition. Although low concentrations of zinc had already been present in the native wastewaters,
the wastewater fluorescence in the inflows responded to an addition of zinc at a high concentration. This
increase in the WWTP inflows when adding zinc points strongly to the presence of urobilinoids. It is
not known whether the gain in intensity would have been even stronger, if there had been no zinc in the
water before the addition. As the time-dependency of the zinc reaction was not yet known at the time of
the WWTP screening, the time between zinc addition and measurement was not recorded exactly and
was approximately 1-2 hours in the case of the wastewater samples. Therefore, no quantitative evalua-
tion of the fluorescence intensity increase in the WWTP inflows was possible. However, qualitatively,
the increase in fluorescence intensity after zinc addition supports the presence of faecal pigments in the
WWTP inflows.

5.5.3 Enriched wastewaters

Figure 31 shows EEMs of the eluates of enriched wastewater samples. There was an enrichment by a
factor of 5 compared to the native wastewaters. The original eluates had an enrichment factor of 50, but
for reasons of lacking sample amount they had to be diluted for the fluorescence measurements (4.2.4).
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For a better overview, the figures are limited to the matrix section from 350 to 600 nm excitation and
400 to 700 nm emission.
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Compared to the other WWTPs, WWTP A showed a very weak signal in all fractions. The signal inten-
sity in the region where faecal pigment fluorescence appears (Aexem 485/500 nm), seemed to increase
from the 50% MeOH fraction to the 100% MeOH fraction in WWTPs A, C, and E, with the majority of
faecal pigment-like fluorescence appearing in the 100% MeOH fraction. The 50% MeOH fraction (Fig-
ure 31, left column) contained least pigment-like signal, when comparing the different fractions, with
the exemption of WWTP D’s inflow that showed a very high signal. The 100% MeOH fraction of all
WWTP inflows showed the highest pigment-like signal. WWTP D was, however, an exception. Its in-
flow showed a very high signal in the 50% MeOH fraction, while the outflow had a very high signal in
the 75% MeOH fraction and only a smaller signal in the 100% MeOH fraction.

The 100% MeOH fraction of all WWTP inflows showed the highest pigment-like signal, which is an
indication that faecal pigments were eluded in the 100% MeOH fraction. The exception of WWTP D
indicates that the very high signal in the outflow of WWTP D, as well as parts of the signal in the inflow,
are not caused by the same substance as the signal in the other WWTP inflows.

5.5.4 Coupling of HPLC-DAD, Aqualog, and MS

The EEMs of the enriched wastewaters showed relatively strong fluorescence in the faecal pigment
region of the eluates of WWTP C inflow 100%, WWTP D outflow 75% and 100% MeOH, WWTP D
inflow 50%, 75% and 100% MeOH, and WWTP E inflow 100% MeOH. In the following section, these
enriched wastewater fractions are examined more closely by analysing the results from coupling of
HPLC, Aqualog and MS. The evaluation process is shown exemplary for two eluates: WWTP C inflow
100% MeOH and WWTP D outflow 75% MeOH. Summarized results of all detailed wastewater anal-
yses can be found in Table 6, while the reader is referred to Appendix F for a detailed analysis.

WWTP C inflow 100% MeOH

The fluorescence at an excitation wavelength of 465 nm in the 100% MeOH eluate of the inflow of
WWTP C was composed mainly of stercobilin, appearing at 1045 seconds (m/z 595.4, Aem max. at 500
nm; Figure 32; Table 4). The mass spectrum showed that stercobilin (m/z 595.4) was also the main
component concentration-wise at 1045 seconds (Figure 33). Other contributors to the fluorescence at A
465 nm were urobilin (m/z 591.4, Aem max. at 500 nm) at 1000 seconds, and another substance appearing
at 905 seconds in the chromatogram with an emission maximum at 515 nm (Figure 32).

Table 4. Fluorescence of WWTP C’s 100% MeOH eluate at 1ex465 nm.

Time Emission maximum m/z
Peak 1 (highest) 1045 sec 500 nm 595.4
Peak 2 1000 sec 500 nm 5914
Peak 3 905 sec 515 nm unknown
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The fluorescence peak at 905 seconds was neither stercobilin nor urobilin, nor could it be identified as
fluorescein by MS. It might however still be fluorescein in concentrations too low to be detected by MS.
MS also showed a peak with m/z of approximately 700 at 905 seconds (Figure 33). It is not known
whether this mass belongs to a fluorophore and it was not examined any further.
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WWTP D outflow 75% MeOH

In the 75% MeOH eluate of WWTP D’s outflow, a fluorescence maximum at 880 seconds and 515 nm
emission was observed at Acx 465 nm (Figure 34, Table 5).

Table 5. Fluorescence of WWTP D’s 75% MeOH eluate at Aex 465 nm.
Time Emission maximum m/z

Peak 1 880 sec 515 nm 333

It is very likely fluorescein (m/z 333) that caused this fluorescence peak. Fluorescein was only present
in small concentrations (100000 counts, Figure 35), but can still cause a high fluorescence intensity due
to its high quantum yield (Sjoback et al., 1995). The eluate’s mass spectrum at 880 seconds showed,
apart from fluorescein, some unidentified peaks with an m/z between 400 and 600 (Figure 35).
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orescence emission spectrum at 880 sec.
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Faecal pigments were not observed in concentrations relevant for the fluorescence of this eluate (Figure
34 a, ¢). They would have appeared later in the chromatogram. Urobilin, stercobilin and urobilinogen
were not detected by MS (Figure 34 b). A compound with m/z 591.4, the same as for urobilin, appeared
at approximately 900 seconds, which was too early to be urobilin, but could be a substance structurally
related to faecal pigments (Figure 34 b).
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Figure 35. Mass spectrum of the eluate WWTP D outflow 75% MeOH at 880 sec. Left: whole spectrum from m/z 250 to m/z
850. Right: Section between m/z 320 and m/z 340.

In Table 6, the results of the coupling between HPLC, Aqualog and MS are summarized.

Table 6. Stercobilin, urobilin, fluorescein, and other relevant signals in the wastewaters, identified by
coupling of HPLC, Aqualog and MS. Timing of peaks in HPLC and fluorescence emission maxima are

shown.
Stercobilin Urobilin Fluorescein  Unidentified relevant
fluorescence signals

(m/z 595) (m/z 591) (m/z 333)

Cin 100 1045s/500nm 1000s/500nm 905s/515nm

D out 75 880s/515nm

D out 100 880s/515nm

D in 50 950s/513nm

Din 75 905s/515nm

D in 100 1050s/500nm 1000s/500nm 895s/515nm

E in 100 1040s/500nm 1000s/500nm 875s/515nm
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The detailed analysis of the enriched wastewater fractions (Appendix F) showed that
e Urobilin and stercobilin were present in the examined WWTP inflows
e Faecal pigments were eluded in the 100% MeOH fraction.

e  Wastewater fluorescence at Ax 465 nm was in most of the examined waters composed by
several substances

e Stercobilin was, of the studied pigments, the dominant faecal pigment in WWTP inflow
e Fluorescein caused a large part of WWTP D’s fluorescence in the faecal pigment region

e Fluorescein was difficult to detect by MS and not detectable with DAD in the UV absorp-
tion, because its concentration was so low.

In the examined wastewaters, the dominant detected pigment was stercobilin. Miyabara et al. (1994b)
often found mainly urobilin in the environment, which is surprising, as much more stercobilin is excreted
by the body compared to urobilin (Orten, 1971) and stercobilin is not considered to be less stable than
urobilin. In the present study, the stability of both pigments seemed to be similar, with a trend of urobilin
degrading faster in HOWI and wastewater (4.2.8), but this needs to be confirmed. According to Bull et
al. (1981), urobilin should be expected to be less stable towards oxidation than stercobilin.

WWTP A showed a very weak fluorescence signal when separated with HPLC as well as in the en-
riched fractions, but it reacted to zinc addition. The water from WWTP A was three weeks old at the
point of the HPLC analysis and enrichment, while the fluorescence EEM and zinc addition measure-
ments were done when the water was freshly sampled. This time difference is probably the reason why
there was hardly any fluorescence signal in the HPLC separated water as well as in the enriched frac-
tions, while the faecal pigment fluorescence reacted strongly to zinc addition. Additionally, it was one
of'the first water samples received (Appendix D), and an earlier, not yet optimized enrichment technique,
differing from the technique used for the other wastewaters, was used.

For all of the wastewater samples, the fluorescence measurements of the pure wastewaters were taken
directly after the samples were obtained. HPLC-DAD measurements were done one week after that. The
enrichment took some additional time, so the enriched samples were measured even later and it is pos-
sible that a part of the pigment in the samples was biologically degraded over that time (Appendix D).
The potential degradation can be estimated from the stability results of urobilin and stercobilin observed
in wastewater (5.2.3), where under cool and dark storage conditions, urobilin fluorescence was only
approximately 50% of the initial value after one week, and stercobilin fluorescence was at 75% of the
original value. Assuming that this fluorescence loss reflects the pigment degradation, only a part of the
originally present faecal pigments were still present in the wastewaters at the time of HPLC and MS
analysis. It is possible that the wastewaters initially contained a higher pigment concentration than the
one detected by the reference methods, because some pigment might have been degraded in the time
between sampling and analysis.
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WWTP D stood out as different from the water of the other plants, as it had a high fluorescence signal
in the faecal pigment area already in the pure water of inflow as well as outflow. It did, however, not
react to zinc addition, indicating an absence or a very low concentration of faecal pigments. Already
after separation of the pure wastewaters with HPLC and zinc addition to the samples, it became clear
that the signal in WWTP D was caused by something different than what caused the signal in the other
wastewaters. By the use of coupling Aqualog, HPLC and MS, an identification as fluorescein was pos-
sible. Fluorescein could also have been present in other wastewaters, but if it was, the concentration was
too low for an identification with MS.

At the first glance, it does not seem logical that there is much more fluorescein in the outflow of
WWTP D than in the inflow, resulting in the outflow having a stronger fluorescence signal. However,
the samples of inflow and outflow were taken at the same time. It is possible that fluorescein was a one-
time occurrence and had almost completely passed the treatment plant already in the treated water, while
there was not so much in the untreated water anymore, if new water without or with less fluorescein
entered the treatment plant. To confirm this, more samples from all plants need to be taken in regular
time intervals and it has to be excluded that the plant uses fluorescein as a marker in the treatment
process.

When comparing wastewaters from the WWTP screening before and after zinc addition, an excitation
wavelength of 480 nm was chosen for both measurements, before and after zinc addition. With a higher
excitation wavelength Rayleigh scatter was so strong that a part of the spectrum was lost. At the time of
the WWTP screening, the time dependency had not yet been discovered and therefore also not the in-
crease in scatter connected to the time after zinc addition. It should, with new samples, however be
possible to repeat the experiment, measure 1 minute after zinc addition and get less scatter which should
make the use of an optimal wavelength for the pigment-zinc-complex excitation (e.g. Aex 495 or 500 nm)
possible. Both, an earlier measurement and a more optimal excitation wavelength, will likely result in a
higher gain factor.

The WWTP inflows differed from the outflows in faecal pigment detectability. While faecal pigments
could be detected by fluorescence spectroscopy after zinc addition, as well as with HPLC-DAD-FLD
and MS in the inflows, no faecal pigments were detected in the outflows. As the lacking MS (only
WWTP D) and HPLC-DAD signals of the WWTP outflows showed, not only the fluorescence proper-
ties of the pigments were altered, but the pigments were not present in detectable concentrations. This
points to a loss of the pigments during the wastewater treatment. Detection limits for HPLC-DAD and
MS were, however, not determined. If faecal pigments cannot be detected in WWTP outflow, pollution
detected e.g. in a river is likely not caused by the treated wastewater discharge, but from either untreated
WWTP overflow or direct faecal pollution. However, MS analysis was only done for the outflow of
WWTP D, because it was the only outflow with a fluorescence signal in the faecal pigment region. It is
possible that faecal pigments were present in the WWTP outflows as well, but in concentrations not
recognizable by fluorescence detection and HPLC-DAD. There was hardly any reaction of the outflows
to zinc addition (5.5.2), which leads to the conclusion that there was no or only a very small concentra-
tion of faecal pigment present in the outflows already when the wastewater was sampled. An additional
degradation possibly took place in the time between the sampling and measurement with HPLC-DAD.

58



The loss of urobilin in wastewater treatment plants is supported by several studies (Miyabara et al.,
1994d; Loganathan et al., 2009; Mowery and Loganathan, 2007). Loganathan et al. (2009) determined
urobilin in wastewater in- and outflow in Kentucky, U.S., with HPLC-ES-MS and documented a uro-
bilin removal efficiency of 99.9% during wastewater treatment and no detectable or very low concen-
trations (<37 ng/l) of urobilin in WWTP outflow. Different results came from Miyabara et al. (1994d),
who detected on average 0.71 pg/l urobilin in outflows of WWTPs and septic tanks and 0.59 pg/l in
river water in Japan with HPLC-FLD. They concluded that WWTP outflows were the major source of
urobilin in aquatic environments. An explanation for the different results in literature might be a more
effective wastewater treatment in modern plants with a higher removal efficiency. More studies are
needed about faecal pigment concentrations in treated and untreated wastewater.

The results of the stability tests with urobilin and stercobilin in wastewater implied that the time
needed for the water treatment, in combination with a very high microbial activity, will likely cause the
degradation of faecal pigments during the treatment process. Unfortunately, the treatment plants did not
provide details about their chemical water treatment, but apart from microbial degradation, an additional
effect of flocculation agents on the pigments is also possible. As urobilin can bind to sediment, it is also
possible that faecal pigments bind to particles and are removed with the sludge (Miyabara ef al., 1994a).
Miyabara et al. (1994d) however suggested that urobilin adsorption to sludge was of minor importance,
while microbial degradation during activated sludge process occurred. They documented the degrada-
tion of urobilin and stercobilin standards during different wastewater treatment steps as well as of the
pigments in wastewater and suggested that the degradation occurred by aeration, bacterial degradation,
or free chlorine treatment (Miyabara et al., 1994d).

There are many studies, in which wastewater from only one WWTP is used, which is then generalized
to “wastewater” in general. As it was shown with the different wastewaters from the WWTP screening,
wastewaters can be quite different (even if they are all from one country or region) and generalization
should be done with care. It would be good to have more wastewater data and compare wastewater
between regions and maybe even countries to secure these results. This is especially necessary as the
technique is supposed to be useable in development countries where wastewater and wastewater treat-
ment might look very different from Central Europe.

5.6 General Model

Until this point, pigment standards, their zinc complexes and real waters were measured and character-
ized with fluorescence spectroscopy. With the help of HPLC and MS, the presence of faecal pigments
in several wastewater samples could be verified. The goal was, however, to detect and quantify faecal
pigments with fluorescence techniques only (e.g. from an Aqualog EEM), without the help of HPLC
and MS and without the need for an enrichment. Therefore, a PARAFAC model was developed to eval-
uate the fluorescence data. The aim was to create a model, which would be applicable to any fluores-
cence data belonging to the different types of water used in this study, and therefore generalizable. It
should be able to recognize and quantify faecal pigments in any given EEM from a real water sample.
Apart from that, the model was intended to help in understanding the fluorescence components of the
examined wastewaters.
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5.6.1 Model fitting and evaluation

The model was fitted with Aqualog EEMs of stercobilin, urobilin, and urobilinogen standards in differ-
ent media, as well as drinking- and wastewater samples. Fluorescein standard data was added as well.
First, representative samples of all pigment standards as well as real waters were chosen. A list of the
sample data used for modelling can be found in Appendix G. The EEMs of the samples were normalized
over the Raman peak intensity to be comparable and prepared for modelling by removing Rayleigh
scatter. Outliers and samples, which had a big influence on the model, but were described unsatisfyingly,
were identified and excluded from the model. As the intensity of the wastewater fluorescence at lower
wavelengths, probably caused by amino acids either free or bound in proteins or bacterial cell walls
(Hudson et al., 2007), was overwhelming and strongly influenced the model, all excitation wavelengths
below 300 and above 600 nm, as well as all emission wavelengths below 450 and above 700 nm were
removed. The resulting matrices thus had a stronger focus on the region where faecal pigment fluores-
cence appears. After the pre-processing, a PARAFAC analysis with 1 to 10 components was performed.
During modelling, data was normalized to avoid higher influence of more intense matrices, and re-
normalized afterwards. For choosing the right model, the different models were compared with each
other, the lack of fit, as well as the sum of squared error (SSE) were evaluated and it was checked
whether some samples or wavelengths still had a high influence on the model, while not being suffi-
ciently explained by it. Core consistency was not taken into account, because it can be misleading when
analysing real world data and result in an underestimation of model compounds (Murphy et al., 2013).
In this case, core consistency was negative for all models with more than 5 components (Figure 36),
meaning that all models with more than 5 components should not be chosen because of an interdepend-
ency of the components.
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Figure 36. SSE, Lack of fit and Core consistency of different calculated PARAFAC models with 1 to 10 components.

Lack of fit decreased substantially with every added component until component 4. A number of 4
components could explain approximately 85% of the data. After that, the addition of every new compo-
nent only lead to a small improvement (Figure 36).
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Core consistency was negative for all models with more than 5 components. Five components were,
however, not considered to explain the data sufficiently well, because they did not represent all real
components present in the examined waters. An addition of more model components lead to a better
explanation of more real water constituents. As core consistency likely underestimated the real number
of components and there was no substantial difference in the lack of fit between the models with a higher
number of components, the final model was chosen by comparing the different models with each other
and examining the plausibility of their components.

5.6.2 Components

Of all calculated models with between 1 to 10 components, a model with 8 components was found to
describe the chosen matrices best. In Figure 37 the model components are shown. The figure in the
middle shows the excitation spectrum, the emission spectrum is visible to the right, and on the left figure
are the scores per sample, telling in which samples this model component was present and in what
intensity. Components 2, 4, and 6 describe wastewater fluorescence. Stercobilin and urobilin could not
be separated by the model, as the spectra looked identical. Component 1 therefore represents the faecal
pigment fluorescence, without specification which of both pigments. Component 3 shows the pigment-
zinc-complex, again for both pigments. Component 5 shows fluorescein, and component 8 depicts the
double peak at Acyem 385/620 nm and 385/680 nm, which could be found in the urobilinogen standard,
as well as in many wastewaters. Component 7 shows some noise, but could depict one component in
the stercobilin standard, appearing at Acx/em 540/560 nm.
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The model was able to distinguish between the pigment, the pigment complex and fluorescein. Espe-
cially the distinction between the pigment(-complex) and fluorescein is remarkable. It was probably
possible due to the different minor peaks of the two substances appearing at different wavelengths.
While the main peaks of fluorescein and the pigments as well as the zinc complexes are very close
together, the pre-peak of fluorescein is at Acwem 320/500 nm while the pre-peak of the pigments is at
about Aeyem 360/500 nm and Acxem 360/513 nm. For a practical application this means that there is less
risk that fluorescein traces in the water are misinterpreted as faecal pigments.
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5.6.3 Application of the general model to the wastewater data

Figure 38 shows the application of the model to the data it was trained with as well as related data (EEMs
of enriched wastewater eluates). The model was to a certain degree capable of detecting the pigment-
zinc complex and fluorescein in the pure wastewater samples without prior enrichment (Figure 38, left).
It was, however, not able to reliably detect the pure pigment, if its concentration was too low, as was
the case in non-enriched wastewater (Figure 38, left, upper part). Then also pure pigment and zinc com-
plexes could be confused. If the concentration was higher, like in the enriched wastewater samples, the
model was able to recognize and distinguish between the pure pigment (urobilin/stercobilin), the pig-
ment-zinc complex, and fluorescein (Figure 38, right). It recognized the pure pigment compound in the
100% MeOH eluates of WWTP C, D, and E inflow.
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Figure 38. Modelled intensities of pigment, pigment-zinc complex and fluorescein in wastewaters in r.u. (without zinc,
with zinc, and in eluates after enrichment).

The model reflected the differences in pigment concentration between WWTP inflow and outflow, if
zinc was added (Figure 38, left) and for WWTP D after enrichment (Figure 38, right). Other outflows
were not enriched, therefore only the eluate of WWTP D’s outflow was available for comparison. Also,
the model recognized the absence, or very low concentration, of faecal pigments in eluates with 50%
MeOH and 75% MeOH. Fluorescein in WWTP D’s outflow with 75% MeOH was described and, ac-
cording to the model, the fluorescence in WWTP D’s inflow 100% MeOH was partly comprised of both
faecal pigment and fluorescein.

If calibration curves for the pigments and complexes are established, it is only a small step to calculate
concentrations from the fluorescence intensity per component in a sample. The faecal pigment fluores-
cence intensities calculated by the model from the fluorescence EEMs of enriched wastewaters (eluate
100% MeOH) were transferred to concentrations. For comparison, concentrations of urobilin and ster-
cobilin in the pure wastewaters were also determined by HPLC-DAD. The concentrations calculated by
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the model were then compared with the HPLC data to evaluate the performance of the model (Table 7).
For the transformation from fluorescence intensities to concentrations, calibration curves of urobilin and
stercobilin standards in phosphate buffer were used. As the slope of the calibration curves was different
for stercobilin and urobilin, the total pigment concentration is given as a range (Table 7). According to
HPLC and MS, most of the pigment in the studied wastewaters was stercobilin. Using the stercobilin
calibration equation would therefore be reasonable as well. However, if only fluorescence spectroscopy
without HPLC is used, the pigment composition is not known and one can only get a range of possible
concentrations.

Table 7. Comparative overview about pigment concentrations calculated (1) by HPLC and (2) by the
Sfluorescence model in combination with a calibration in phosphate buffer.

Urobilin Stercobilin Total
(mg/1) (mg/1) (mg/1)
B inflow
HPLC <0.01 0.05 0.05-0.06
Model -
C inflow
HPLC 0.02 0.1 0.12
Model 0.09-0.12
D inflow
HPLC 0.02 0.12 0.14
Model 0.06-0.08
E inflow
HPLC 0.02 0.08 0.1
Model 0.1-0.13

In the inflow of WWTPs C and E, the estimation of the model agreed well with the HPLC measurement.
The concentration of faecal pigments in WWTP D inflow was underestimated by the model (Table 7).

The evaluation shows that the general model works relatively well, but has some difficulties in dis-
tinguishing between the pure faecal pigments and their zinc complexes, if the pigment concentration,
and with that the fluorescence signal, is not high enough. The reason for this is likely that the peaks and
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the position of their maxima are not as well defined at low concentrations as they are at higher concen-
trations. For a practical application in wastewater, this means that either zinc should be added, or prior
enrichment is necessary to reliably identify faecal pigments. If there is an enrichment, the pure pigment
can be detected as well (Figure 38, right). The underestimation of the faecal pigment concentration in
WWTP D’s inflow shows that there might still be some difficulties in distinguishing exactly between
fluorescein and faecal pigments, if both are present (Table 7).

Furthermore, the model needs to be tested and evaluated on more data. The model was trained with
data from the WWTP screening. It has to be evaluated with more samples, which are unknown to the
model but of which the actual composition is known. A problem is that the model tries to explain un-
known fluorescence signals with known components. If a compound in a dataset does not fit exactly to
the known compounds of the model, the model still tries to explain this fluorescence with known com-
pounds, instead of giving the result that some parts of the data cannot be explained. This can lead to
wrong concentration estimations, if there is a compound in the water which is similar to a compound
described by the model, but not the same.

To get an even more precise separation of the compounds in the faecal pigment region, the excitation
steps could be even smaller (1 nm instead of 5 nm) and the matrix recorded by the fluorescence spec-
trometer could be restricted to the range selected for creating the model (5.6.1) to avoid unnecessary
computation effort. For an on-line sensor it would be good to have only one or two relevant wavelength
positions to observe. However, in the case of faecal pigment quantification, the underlying wastewater
or drinking water fluorescence signal has to be removed to isolate the signal caused by faecal pigments.
This procedure avoids an overestimation of the faecal pigment concentration caused by other fluorescent
substances in the water, which add up to the total fluorescence signal in the faecal pigment region. This
separation can only be achieved if enough data is present for a model to recognize different water com-
ponents. Also, the pigments, their zinc complexes, and fluorescein are very similar in their fluorescence
signal and distinguishing between them would very likely not work with one or two wavelength combi-
nations only. However, recording a whole EEM, like it was done here, requires much computational
effort and time. It has to be tested, if a combination of the peaks at Acxem485/500, 500/513, 360/500, and
360/513 nm (for faecal pigments and their zinc complexes), as well as 490/510 and 320/510 nm (fluo-
rescein) would work as representative peaks to recognize faecal pigments or their zinc complexes and
also avoid false positive errors by fluorescein. Otherwise, instead of recording the fluorescence intensity
at some wavelength combinations only, whole emission spectra at certain excitation wavelengths can
be recorded.

It might be rewarding to examine two other signals appearing in most of the wastewater matrices at
Aexiem 385/620 and 385/680 nm as well as in the urobilinogen standard. They are far away from other
disturbing signals and are depicted by the model as a relevant component. These signals might be caused
by compounds structurally related to urobilin and stercobilin, but could also result from something dif-
ferent. If they are caused by a faecal pigment, this signal could be chosen as a reference wavelength to
create a more robust model.
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6 Concluding Discussion

6.1 Summary

First, pigment standards were characterized by fluorescence (EEM), HPLC-DAD-FLD and coupling of
HPLC, Aqualog and MS. They showed some pollution, which was suspected to be caused by degrada-
tion products of faecal pigments. Urobilin and stercobilin had alike-looking fluorescence spectra and
could thus not be distinguished from each other by fluorescence spectroscopy. Urobilinogen itself is not
fluorescent (Watson, 1969), however, its standard showed, due to low purity, several fluorescence sig-
nals.

With the pigment standards, stability tests were performed. Urobilin and stercobilin fluorescence was
stable in phosphate buffer but not in real water. It was concluded that the stability was likely influenced
by microbial degradation. Fluorescence in the faecal pigment region of the urobilinogen standard in-
creased over time, indicating an oxidation of urobilinogen to urobilin.

Calibration series of urobilin and stercobilin standard were measured in phosphate buffer, drinking
water, WWTP outflow, and inflow. Urobilin and stercobilin seemed to have different fluorescence in-
tensities at the same concentration, but further studies need to confirm this. The media also influenced
the fluorescence intensity, and with that, the slope of the calibration curve. Urobilin as well as stercobilin
were quenched in real waters compared to phosphate buffer. Differences in pH value were suspected to
be the cause. To confirm this, calibration series need to be repeated with waters of known pH value and
pH needs to be measured before and after pigment standard addition. The limit of detection determined
from the calibration was 3pg/1 for stercobilin and 2 pg/l for urobilin.

The influence of pH on faecal pigment fluorescence was tested with urobilin and stercobilin in phos-
phate buffer solutions of pH 6.6 and pH 8.5, containing the same ingredients in different composition.
The pigments showed a lower fluorescence at pH 8.5, compared to pH 6.6. Location of the excitation
and emission maxima remained unchanged. In the case of zinc addition to the pigments, the reaction
was the opposite way. Fluorescence of the zinc complexes was stronger at a pH of 8.5 compared to a
pH of 6.6. Together with results from literature, it was concluded that pH has a substantial influence on
the fluorescence intensity and has to be monitored when performing fluorescence measurements.

When zinc acetate was added to urobilin or stercobilin in water, an intensification of the fluorescence
and a red shift of their fluorescence spectra from Aexem 485/500 t0 Aexem 500/513 nm was observed. The
intensification happened immediately after zinc addition and fluorescence decreased afterwards. This
time dependency was, according to what was found in literature, not observed before. To get a maximum
intensification effect, samples should be measured as soon as possible after zinc addition. The gain factor
upon zinc addition, as well as the velocity of the relative decrease afterwards, depended on the zinc
concentration. A high concentration lead to a high fluorescence intensity, but also to a fast relative loss
afterwards. Gain factors of >30 were observed, which can be useful in detecting low concentrations of
faecal pigments.
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An examination of the fluorescent marker fluorescein (present in the form of uranine, a fluorescein
sodium salt) showed that its fluorescence spectra looked very similar to urobilin and stercobilin and
those of their zinc complexes. There is a danger to confuse fluorescein, and potentially also other sub-
stances, with faecal pigments when using fluorescence spectroscopy, resulting in a false positive.

To find out whether faecal pigments could be detected in wastewater by fluorescence spectroscopy,
as well as to characterize the wastewater fluorescence in the faecal pigment region, samples of 5
WWTPs were taken. They were, like the pigment standards, characterized by fluorescence spectroscopy
(EEM), HPLC-DAD and MS as well as in coupling of these methods. Also, the wastewaters were added
zinc.

EEMs of the native wastewaters did not show any clear signal in the faecal pigment region, apart
from WWTP D where a strong signal was visible in both, the in- and outflow. Upon zinc addition, all
WWTP inflows showed an increase in fluorescence, which could not be seen in the outflows, indicating
the presence of faecal pigments in the inflows, but not in the outflows. The strong signal in the outflow
of WWTP D did, like the other outflows, not either react to the zinc addition, which pointed against the
presence of faecal pigments. Also, the outflows which were separated by HPLC did not show any sign
of faecal pigment presence. However, the wastewater was not fresh anymore at the point of HPLC and
MS analysis, so a degradation can have taken place and statements about the potential absence of faecal
pigments in outflows need to be made with care.

Results from the coupling of Aqualog, HPLC and MS could show that the fluorescence in the WWTP
inflows in the faecal pigment region was comprised of several substances. Stercobilin, urobilin, and, in
wastewater from WWTP D, fluorescein could be found. Stercobilin was the dominant faecal pigment in
the wastewater inflows, while there was only little urobilin present. Urobilin could have either degraded
faster than stercobilin, or it was already present in the wastewater in lower amounts from the start be-
cause more faecal pigments are excreted in faeces in the form of stercobilin (Orten, 1971). It is, however,
possible, that more urobilin as well as stercobilin were present at the time of the sampling but were
degraded in the time before the analysis.

A PARAFAC model based on fluorescence data of faecal pigment standards in different media, flu-
orescein standard, HOWI, and wastewater samples was developed. Aim of the model was to be generally
applicable, meaning that it can be applied for the interpretation of data from many different types of
water and recognize different components typical for e.g. wastewater or faecal pigments. An application
of the model to the data it was trained with as well as on related data showed that it was successful in
distinguishing between faecal pigments (urobilin/stercobilin), pigment-zinc-complexes (urobilin/sterco-
bilin), and fluorescein. This was however only the case if the concentration, and thus the fluorescence
intensity, was high enough for the fluorescence peaks to be clearly separated. Either an enrichment or
the addition of zinc to the wastewater samples was necessary to accomplish that.
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6.2 Indicator function of faecal pigments

As faeces are the main source for many waterborne pathogens (Ashbolt, 2004) the indication of faecal
pollution can indicate the presence of pathogens. However, it was in this work not possible to do any
tests on the connection between the presence of pathogens or common indicators and the presence of
faecal pigments in water.

Faecal pigments can only be of good indicator function where pathogen presence and concentration
are related to the amount of faecal contamination. If pathogens do not have their origin in faecal pollu-
tion, a faecal pollution indicator is not useful. Sometimes, small concentrations of pathogens do not pose
too high a risk, but problems arise when they multiply e.g. during storage and transport of drinking
water. Faecal pigments have their limit when it comes to growth. While problematic pathogen popula-
tions can potentially grow from a small population (Vital et al., 2008; Vital et al., 2010), faccal pigment
concentration will only indicate the initial pollution and not subsequent growth of pathogenic bacteria.
On the contrary, the pigment will degrade, which was recorded in this study in real water media (5.2.3)
as well as in literature (Miyabara ef al., 1994c).

It might also be a problem for the suitability as an indicator, if faecal pigments are not detectable in
the outflow of WWTPs (5.5.4; Loganathan et al., 2009). WWTP outflow can still contain large amounts
of faecal bacteria (e.g. Ajonina et al., 2015; Naidoo and Olaniran, 2013) and carries a risk of discharging
pathogens into the environment. If faecal pigment concentration is diminished during the wastewater
treatment more than the pathogen concentration is diminished, faecal pigments fail to indicate possible
microbial risks from wastewater treatment plant effluents. However, faecal pigment fluorescence might
be suitable to indicate direct faecal pollution and the presence of untreated wastewater.

Miyabara et al. (1994c) found a good correlation between the concentration of urobilin and faecal as
well as total coliforms in river water, which points to urobilin being a suitable indicator for microbial
pollution in water. However, a lot of research in this field is based on this study. When it comes to the
suitability of urobilin as an indicator, always the same papers by Miyabara et al. (1994c; 1994b) are
cited (e.g. by Lam et al., 1998; Piocos and La Cruz, 2000; Jones-Lepp, 2006; Bixler et al., 2014). More
studies that connect faecal pigments with pathogens or at least other indicators of faecal pollution, like
faecal coliforms or enterococci, under different conditions are needed. Both, urobilin and stercobilin,
have to be tested for their suitability as indicators, in case they behave differently. Miyabara et al.
(1994b) found e.g. more urobilin in sewage-contaminated rivers than stercobilin. Urobilin has already
been examined as a potential indicator of faecal pollution (Miyabara et al., 1994c; Jones-Lepp, 2006;
Miyabara et al., 1994b), but stercobilin would be the more interesting pigment, as it is the “faecal uro-
bilin” and constitutes most of the excreted faecal pigments (Orten, 1971). In this study, stercobilin was
the dominant faecal pigment in wastewater, suggesting that the potential of stercobilin as a faecal pol-
lution indicator should not be neglected.

According to Ashbolt (2004), there is no universal indicator. There are different requirements for
indicators, depending on whether the indicator should reflect the pollution history (sediment) or the
current level of pollution (water) (Miyabara et al., 1994c). If water is used for drinking water supply,
indicators must reflect current pollution (Miyabara et al., 1994c¢). Pathogens additionally show a diverse
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behaviour in water, which needs to be accounted for: viruses can attach to particles and can therefore
travel with the particles in the water, but they can also be inactivated and settle into the sediment with
particles. Bacteria can also be transported and additionally they can grow or die off, depending on the
circumstances (Jung et al., 2014). To find out, under which conditions and for what kind of pathogens
faecal pigments are suitable indicators, more studies about their behaviour in the environment need to
be done. According to Miyabara et al. (1994c), urobilin in a river was distributed between water and
sediment. While urobilin was degraded quickly in river water, Miyabara et al. (1994c) found urobilin in
river sediment to be relatively stable. If urobilin and stercobilin attach to particles, it could however be
a problem for fluorescence monitoring, because only dissolved pigment is measurable with fluorescence
techniques and a filtration should be done before the measurement.

6.3 Practical application and limitations

Faecal pigments could not be identified in the native (non-enriched) wastewaters by fluorescence spec-
troscopy alone, without any zinc addition or enrichment. The help of reference techniques was needed
to quantify faecal pigments in wastewater. An addition of zinc in combination with a PARAFAC model
could make the use of reference techniques such as HPLC and an enrichment unnecessary at some point.
The overall aim is to be able to detect very low concentrations of faecal pigments, which are relevant
for the application in drinking or surface water monitoring. For this, the technique needs to be much
more sensitive than it is at this point.

The theoretical detection limits observed in this study were 2 pug/l for urobilin and 3 pg/l for sterco-
bilin. In the wastewaters, the faecal pigment concentration determined by HPLC and Aqualog in com-
bination with PARAFAC was between 50 and 140 pg/l. As a comparison, 120 pg/l would correspond
to 100 g of faeces dissolved in approximately 1000 1 of water, assuming a daily excretion of 150 mg
faecal pigments (Orten, 1971) and a median daily amount of 128 g of faeces (Rose et al., 2015). Ac-
cording to the detection limit, the detection of faecal pigments should have been possible in wastewater
without further enrichment, zinc addition, or other technique. This tells that the real detection limit using
just fluorescence EEMs is much higher than 3 pg/l. LOD is just a theoretical value assuming ideal con-
ditions, but the discrepancy between theoretical and practical detection limit observed here was very
high. If calibration series are repeated with zinc addition, lower limits of detection are to be expected.
However, time needs to be controlled, because the fluorescence intensity after zinc addition was not
stable.

In case that a part of the pigments from urine and faeces is still present in the form of reduced urobil-
inogen and stercobilinogen, it would be best to first oxidize every sample to urobilin or stercobilin with
e.g. iodine and then measure the fluorescence like it was done by Miyabara et al. (1992) in urine samples.

A PARAFAC model was able to distinguish between the compounds used here, if the concentration
was high enough and with that it is possible to calculate back from the intensity of a compound to its
concentration. However, if the concentration was not high enough, there was no clear peak (too much
noise) and similar compounds could not be distinguished well. Either the addition of zinc in a high
concentration or an enrichment is then needed to increase the fluorescence intensity. Enrichment takes
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a lot of time, so the addition of zinc is a promising alternative to be used in an on-line measurement. It
is therefore very important to find a way of measuring the zinc complex fluorescence, which is repeat-
able and robust. As the fluorescence intensity of the zinc complexes diminishes with time after zinc
addition, already small changes in the measurement time can lead to great insecurities concerning the
accuracy of the quantification. A standardized measurement technique, with a defined time between zinc
addition and the measurement, has to be developed to get reproducible results.

Zinc addition leads to a high intensity increase, which enables the qualitative detection of low con-
centrations of faecal pigments by fluorescence techniques. Making use of the zinc-complexion reaction
is therefore helpful, but also problems can arise. Instability of the fluorescence intensity in the presence
of zinc, as well as its dependency on the zinc concentration complicates an exact quantification of the
pigment concentration present in the water. For a measurement, it would be practical to add an overload
of zinc leading to all pigments being present as zinc complexes. In theory this would result in the highest
possible intensification and also avoid problems of the model confusing the pure pigment with the com-
plex, as there is hardly any pure pigment left. However, one major problem is that the native metal
concentration of a real water is usually not known before a detailed analysis, so it is unclear whether a
part of the pigments in the water are already present in a complexed state. In the case that the pigments
present in water are already present as a chelate, they are not available for complexation anymore. For
example, pigments could form a complex with magnesium in the water and are then not available for
complex forming with zinc. This can lead to a wrong estimation when using fluorescence spectroscopy
to measure faecal pigment concentration. More tests need to be done, especially concerning the complex
chemistry. This applies in particular for time dependency, dependency on the concentration of zinc as
well as faecal pigments, other metal ions with complexation potential (e.g. Mg”"), and the influence of
pH in different waters. Important questions are:

e Can some metals be exchanged for others? How is the preference?

e  Which metals complex with urobilin and stercobilin? Do they enhance or quench the fluo-
rescence?

e Do they all cause the same red shift?
e How stable are the complexes?

For fluorescence monitoring, it would pose a problem if the pigment metal complexes stayed irreversibly
complexed but lost fluorescence intensity with time. An addition of zinc would then not result in any
intensity increase and this would lead to an underestimation of faecal pigment concentration (false neg-
ative result). The tests with different zinc concentrations showed, however, that the metal concentrations
in water would have to be very high for all of the pigments being present in a complexed state. Also the
wastewaters already contained zinc in small concentrations, but still reacted to zinc addition. Fluores-
cence detection could potentially serve as an early warning signal, which is fast and simple, after which
other methods can serve for an exact quantification.
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The pH value of the waters to be measured as well as time after zinc addition has to be monitored.
The time between zinc addition and the measurement should be as short as possible to get a maximal
intensification of the fluorescence signal.

Apart from the need for optimization of the measurement technique itself, there is always a risk for
interferences by fluorescent industrial chemicals or other substances present in the wastewater, which
are no body excretions (industrial dye, fluorescein, etc.). Fluorescein for example is, due to its high
quantum yield (Sjoback et al., 1995), already in small concentrations a disturbance when measuring
faecal pigment fluorescence, while it has no influence on the absorption measurements. If the created
PARAFAC model could not distinguish between fluorescein and faecal pigments, as well as their zinc
complexes, this would pose a serious problem and a high risk for false positive alarms in drinking water
monitoring for faecal pollution using fluorescence spectroscopy. A robust model combined with a suit-
able measurement technique is therefore necessary. For on-line monitoring, a sensor detecting only one
or two wavelength combinations will most likely not be enough. An option to keep fluorescein apart
from faecal pigments might be to record full emission spectra at several excitation wavelengths, e.g. 320
nm, 360 nm, and 485 nm. The pre-peak of faecal pigments at 360/500 can overlap with humic acids
(Coble, 1996), which might also pose a difficulty, but model evaluation with more, independent data
needs to show that. An improvement in the separation sensitivity could be achieved by exciting in 1 nm
steps instead of 5 nm steps and using a smaller observation window. However, if fluorescein is interfer-
ing, there is the possibility that other unknown chemicals or similar organic compounds interfere as
well. An unknown compound is a problem, if the model tries to explain unknown compounds with
known components instead of signalling something unknown. Solving this in the modelling process
would reduce the risk of erroneous results and false positive alarms substantially.

Faecal pollution of drinking water is not a common problem in Central Europe (e.g. Bain e al., 2014),
but will likely apply more in regions with lacking sanitation or insufficiently designed sanitation systems
as well as after disasters. Therefore this technique might be more relevant for developing than industri-
alized countries in the case of drinking water monitoring. However, according to Sinton et al. (1998)
illnesses are also often transferred by faecal pollution of recreational waters, which is relevant for every
region.

6.4 Future Research
Future research needs include

e Evaluation of ideal conditions for fluorescence measurement of faccal pigments in water
(metal concentration and timing, pH, temperature, etc.)

e Testing the behaviour of different metal ions for complexation with faecal pigments and their
influence on the fluorescence properties (replacement of one metal by another; ranking of
metals after binding preferences; fluorescence intensification; detection limits)
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Examination of the nature of the zinc-kinetic behaviour (absorption, flocculation, de-complex-
ation, re-complexation, equilibrium, etc.)

Tests on the behaviour of faecal pigments in the environment (adsorption, sedimentation, deg-
radation)

Studies on the correlation between faecal pigments and microbial indicators of faecal pollu-
tion, as well as relation to pathogen behaviour.
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7 Conclusion

The main question was, whether fluorescence spectroscopy can be used as a stand-alone method to
detect faecal pigments in real waters. It was in this study not possible to detect and quantify faecal
pigments in wastewater by fluorescence spectroscopy alone. However, the use of an enrichment prior
to fluorescence measurement, in combination with a PARAFAC model, made a quantification of faecal
pigments in wastewater treatment plant inflow possible. To avoid the need for enrichment in the future,
an addition of zinc is suggested to enhance the fluorescence intensity. For this purpose, metal complexes
with faecal pigments in water need to be studied further, because the fluorescence of the complexes is
not stable and depends on several factors (zinc concentration, pH, medium). The fate of the complexes
is unknown: it is at this point unclear, whether the pigment complexes stay complexed in a dissolved
state, de-complex, are degraded, or flocculate. The wastewater analysis showed that the unidentified
fluorescence signal of wastewaters in the faecal pigment region was comprised of several substances.
Stercobilin, urobilin, and fluorescein could be identified. Faecal pigments were responsible for a fluo-
rescence signal in samples of WWTP inflow, but not in the outflow, indicating a degradation of faecal
pigments during wastewater treatment. Fluorescein, as well as other interfering markers and dyes, can
disturb faecal pigment assessment in water. However, fluorescein could be recognized by a PARAFAC
model able to distinguish between faecal pigments, their zinc complex and fluorescein. A distinction
between urobilin and stercobilin is not possible by fluorescence spectroscopy, because their spectra look
alike. For a practical application in water, pH and temperature, as well as time in case of the pigment-
zinc-complexes, have to be monitored.

On the basis of the present study it is concluded that 2D fluorescence detection, in combination with
a PARAFAC model, is, with limitations, a promising tool for the detection of faecal pigments in water.
There is, however, a great need for more research to obtain a more sensitive, reliable, and robust method
which is suitable for the detection of faecal pigments in concentrations relevant for drinking and surface
water applications.
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Appendix A

Standard operation procedure for SPE, HPLC and MS

Table 1: Chemicals. Not all CAS and article numbers are given.

Name CAS Company Article Number
Urobilin hydrochloride 28925-89-5 Frontier Scientific U590-9
Stercobilin hydrochloride 34217-90-8 Chemos GmbH 152095

Uranine 518-47-8 Serva

Acetone

Methanol

MilliQ water

Ammonium hydroxide
Hydrochloric acid

Ammonium acetate

Table 2: Materials.

Name Company Article Number Remarks

SPE cartridge Phenomenex 8B-S014-JCH 1 g Strata SDB, 6 ml tube
GF/C glassfibre Whatman 1822-047 47 mm

filter

Column HPLC Macheray Nagel 720936.30 Nucleosil 100-5 C18 AB




HPLC-DAD-FLD-MS/MS method

Table 3: Main parameters, materials and chemicals

Parameter Description
Chemicals MilliQ water
Methanol (gradient grade)
Ammonium acetate (LC-MS grade)
Precolumn C8 10 um self-filled column (20 mm x 2 mm)
HPLC Column C18 AB 5 um from Macheray Nagel (250 mm x 3 mm)
Eluent A: 10% methanol, 90% MilliQ- water, ]| mM ammonium acetate

Column oven
Injection Volume
DAD

DAD Spectrum

FLD

B: 90% methanol, 10% MilliQ- water, ] mM ammonium acetate
30°C

25 ul

UV channel 490 nm, 230 nm, 270 nm, 385 nm

Store all spectra from 240 nm to 590 nm, step 2 nm

Slit 10 — 20 nm (dependent of your device), Gain factor x100 (Waters) or
15-16 (Agilent), path length of measurement cell is 10 mm

Wavelength: excitation: 490 nm, emission: 520 nm

Table 4: Gradient and Flow

Time in min Eluent in % B Flow in ml/min
0 15 0.4
2 15 0.4
10 50 0.4

20 60

0.4




Time in min Eluent in % B Flow in ml/min

25 80 0.4
27.5 80 0.4
27.6 50 0.4
28 15 0.4
40 15 0.4

MS/MS parameters

The used system was LC-MS/MS API2000 (Sciex). All mentioned parameters below regard this sys-
tem.

Mode: ESI (electrospray ionization) with positive ionization in Q1 (scan) and MRM (multiple reac-
tion monitoring) mode.

Table 5: Source dependent parameters for API2000 with electron spray interface (ESI)

Parameter Value
Curtain gas (CUR) 25
Nebulizer gas (GS1) 30
Heater gas (GS2) 50
Collision gas (CAD) 3
Temperature heater gas (TEM) 350 °C

Ion spray voltage (IS) +5000 V




Table 6: Compound dependent LC-MS/MS parameters for AP12000

Analyte Q1 mass Q3 mass Declustering  Collision
m/z m/z potential (DP) energy

/V (CE)/V
Stercobilin 595.3 345.1 80 50
595.3 166 80 70
595.3 470.2 80 40
Urobilin 591.3 343.2 60 50
591.3 164.1 60 70
591.3 136.1 60 70
Urobilinogen 593.3 344.2 50 50
593.3 180.1 50 55
Uranine 333.1 202 35 70

333.1 189 35 85




Appendix B

NMF-Models of the pigment standard fluorescence
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Appendix C

HPLC-DAD and FLD chromatograms of the pigment standards
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Appendix D

Time overview about wastewater and standard processing

Name Sampling pH Aqualog HPLC SPE HPLC-
EEM Aqualog-
MS
A 14.06.2016 15.06. 15.06. 15.06./12.07. - -
B 06.07.2016 06.07. 06.07. 12.07. -- --
C 06.07.2016 06.07. 06.07. 12.07. 20.07. 01.09.
D 06.07.2016 06.07. 06.07. 12.07. 20.07. 01.09.
E 12.07.2016 22.07. 12.07. 12.07. 20.07. 25.08.
Name Standard pH Aqualog HPLC SPE HPLC-
opened EEM Aqualog-
MS
UBGN Several - several 12.07. - 30.08.
SB 26.04.16 - several 12.07. - 30.08.
UB 11.07./20.09. - several 12.07. - 30.08.
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Appendix E

EEMs of the (not enriched) wastewaters from the WWTP screening
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Appendix F

WWTP D outflow 100% MeOH

Fluorescence at time wavelength m/z
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Peak 1 (highest) 880 sec 515 nm 333
56 D outflow 100% MeOH ex=465nm
I w74
. i bt 140000 :
6.5 — m/z591.4
1400 120000 |- mfz 593.4 1
{6316 — mfz595.4
g L0000 |- Sl Lt i e =
2 1200 {5263 :
- 2 1" .
o W @ BOOOD -5 b
E o211 ¥ _
1000 SR 1 7| EPO PPN A N
Hauss  °
200 e 40000
20000 |-
& 105.3 :
0 A e e et s e e
400 500 550 600 o o0 1200 1400 1600 1800
emission in nm Ui in Sec
1200 D orutﬂow 100.% MeOH ; _ 2000 3 D outflow 109% MeOH . ]
— ex=465nm, em=515nm — ex=465nm, t=880s
1000
1500
= mﬂ 2
L] ~
= e
g y
§ 600 § 1000
(=]
2 400 é
500
) //\_J
== 800 1000 1200 1400 1600 1800 T 550 &0 50 700 750 500
time in sec LMmISSIon in nm

Faecal pigments were not clearly identified by MS. If they were present, the concentration was very

low. Another small fluorescent peak at 785 seconds was not identified.
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WWTP D inflow 50%MeOH

Fluorescence at time wavelength m/z
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WWTP D inflow 75% MeOH

Fluorescence at time wavelength m/z
Aex 465 nm
Peak 1 (highest) 905 sec 515 nm unknown

D inflow 75% MeOH ex=465nm
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WWTP D inflow 100% MeOH

Fluorescence at time wavelength m/z
Aex 465 nm
Peak 1 (highest) 895 sec 515 nm unknown
Peak 2 1050 sec 500 nm 595.4
Peak 3/4 1000 sec 591.4
1800 D inflow 100% MeOH ex=465nm
w74
1600 M ea21 - "
e — D inflow 100% MeOH .
1400 — m/z591.4
6316 1000000 — mfz593.4
g — m/z595.4
g 5263 5 gooooo|
W LT
E e @
1000 2 600000 - |
nss 8
i
800 2105 400000 . .
200000 |- H '
o 105.3 \ ;
00 ; A ﬂ_ﬁ s e S
400 500 550 650 9 600 800 1000 1200 1400 1600 1800
emission in nm time in sec
1400 T T
—  ex=465nm, em=500nm 1400 T u u
11 1) U Rt —  ex=465nm, em=515nm || .| = 1050 sec
i : 1200 - .. — 895 sec|]
1000 |- ecoreinisnnnonans - :
1000 .
3 800 | FERP
2 : 2 a0 ; : :
Eﬁoo_............... i B R T R A TR R E i . 5 :
3 r : : 5-500 R RN i B N e R U R R
. . 8 . :
400 : : :
: : 400 SRR SR 9P
200 kA.\ ] : i
__’_/\_J : . s N -
o 1 'l 1 1““"‘—————
600 80O 1000 1200 1400 1600 1800 0 L L I
time in sec 480 500 520 560 580 600 620 640

emission in nm

The peak at 895 seconds could be caused by fluorescein in a concentration too small to be detected by
MS.
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WWTP E inflow 100% MeOH

Fluorescence at time wavelength m/z
Aex 465 nm
Peak 1 (highest) 1040 sec 500 nm 5954
Peak 2 1000 sec 500 nm 591.4
Peak 3 875 sec 515 nm unknown
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The peak at 875 seconds could be caused by fluorescein in concentrations too small to be detected by

MS.
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Appendix G

Data used for fitting of the general model
Stercobilin in phosphate buffer

1: 1 mg/l stercobilin in phosphate buffer pH 6.6
2: 1 mg/l stercobilin in phosphate buffer pH 6.6
3: 1 mg/l stercobilin in phosphate buffer pH 6.6 + zinc
4: 1 mg/1 stercobilin in phosphate buffer pH 6.6 + zinc
Stercobilin in HOWI

5: 1 mg/l in HOWI

6: 1 mg/l in HOWI

7: 1 mg/l in HOWI + zinc

8: 1 mg/l in HOWI + zinc

Urobilinogen in phosphate buffer

9: 5 mg/l in phosphate buffer

10: 10 mg/l in phosphate buffer

11: 7.5 mg/l in phosphate buffer + zinc

12: 10 mg/1 in phosphate buffer + zinc
Urobilinogen in HOWI

13: 2 mg/l + zinc

Urobilin in phosphate buffer

14: 0.5 mg/l in phosphate buffer

15: 0.5 mg/1 in phosphate buffer

16: 0.5 mg/l in phosphate buffer + zinc

17: 0.5 mg/l in phosphate buffer + zinc
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Urobilin in HOWI

18:

19:

20:

21:

22:

0.5 mg/l in HOWI
0.5 mg/l in HOWI
0.5 mg/l in HOWI + zinc
0.1 mg/l in HOWI + zinc

0.1 mg/l in HOWI + zinc

HOWI

23:

24

HOWI (not diluted, freshly sampled)

HOWTI (not freshly sampled, stored)

Wastewater

25:

26:

27:

28:

29:

30:

31:

32:

33:

34:

35:

36:

WWTP A outflow (09.05.)
WWTP A inflow (09.05.)
WWTP A outflow (14.06.)
WWTP A inflow (14.06.)
WWTP B outflow

WWTP B inflow

WWTP C outflow

WWTP C inflow

WWTP D outflow

WWTP D inflow

WWTP E outflow

WWTP E inflow

WWTP A (14.06.) enriched

37:

Eluate 50% MeOH
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38: FEluate 75% MeOH

39: Eluate 100% MeOH

40: Eluate Acetone
Fluorescein

41: 10 pg/l in phosphate buffer

42: 10 pg/l in phosphate buffer + zinc
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