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ABSTRACT
Hormones in water samples have been classified as ‘emerging pollutants’ and may pose a potential risk for humans. Hormones
can be found in both surface and ground water at low concentrations. These compounds enter water streams through
wastewater treatment plants (WWTP) and may elicit endocrine disruption to organisms. As a result of the low concentrations,
a suitable analytical methodology is essential for their determination. In the past, residues of oestrogens in aqueous and solid
environmental samples have commonly been analysed by gas chromatography (GC) equipped with mass spectrometry (MS).
However, the necessary derivatisation steps are not only time consuming and laborious but also tedious. The first part of this
case study was to develop a method to determine trace concentrations of the estrone (E1), 17a-estradiol (E2a), 17-p-estradiol
(E2p) and 17-a-ethinylestradiol (EE2) hormones using reverse phase ultra-fast liquid chromatography mass spectrometry
(RP-UFLC). Using the developed method, the second part of the case study was to determine the concentrations of the hormones
in raw and treated potable water samples from the Vaal River catchment area in the south of Johannesburg, South Africa.
Analytes were extracted by solid phase extraction (SPE C,, sorbent) cartridges and subsequently injected into ultra-fast liquid
chromatography with the reverse phase column coupled to mass spectrometry (UFLC-MS) for analyte determinations. The
limits of quantification were in the range of 0.24 to 0.32 ng-L" for the analytes. Accuracy was 95.6, 93.8, 97.6 and 100.9% for EE2,
E2a, E2P and E1, respectively. In raw water samples taken during the rainy wet season, estrone was detected at concentrations of
0.90 and 4.43 ng-L . However, treated potable water samples did not contain detectable levels of hormones. This is potentially due

to the ability of a water treatment process to remove endocrine disruptors during water purification.
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INTRODUCTION

The occurrence of human pharmaceuticals and endocrine
disrupting compounds (EDCs) in waste waters and in surface
waters has been demonstrated and widely evaluated over the
past decade (Carballa et al., 2004; Richardson, 2009; Huerta-
Fontela et al., 2011). These compounds, together with their
metabolites, enter the environment primarily through domestic
use, via sewage treatment plants. If these compounds are not
eliminated by wastewater treatment plants, they can then be
discharged to rivers and lakes which are used as sources for
drinking water production. Therefore, the presence of such
organic contaminants may have a negative impact on the
quality of drinking water together with unknown toxicological
effects (Huerta-Fontela et al., 2011).

Huerta-Fontela et al. (2011) further reported that a
significant feminization of aquatic life could be observed at a
concentration of approximately 1 ng-L7, reflecting the strong
endocrine disrupting potential of these compounds. To date,
several EDCs have been found in European and United States
of America (USA) tap waters, at concentrations ranging from
ng-L" to low mg-L"! (Huerta-Fontela et al., 2011).

Natural oestrogens, consisting of estrone (E1), 17-a- estradiol
and 17-P-estradiol, are steroid hormones with the general
skeleton as shown in Fig. 1, generated from cholesterol via
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testosterone and androstenedione in ovaries, brain, and body fat
deposits (Nguyen, 2011; Tedmon et al., 2013). EE2 (19-nor-17a-
pregna-1, 3, 5(10)-trien-20-yne-3, 17-diol) is a derivative from the
natural hormone, estradiol (E2) (Aris et al., 2014). EE2 is used in
almost all modern formulations of combined oral contraceptive
pills and is one of the most commonly used medications. It is
worth noting that EE2 is sparingly soluble in ethanol (1 part
in 6 parts of ethanol), but has relatively low solubility in water
(4.8 mg-L! at 20°C) compared to natural oestrogenic steroid
(Lewis and Archer, 1979).

Vulliet et al. (2011) reported estrone to be detected in
20% (out of 21 samples) of waters in Barcelona, Spain, at
concentrations generally in the region of 0.1 to 1 ng-L". Only
3 out of 21 samples exceeded 1 ng-L" of estrone. The presence
of estrone is common when detecting hormones in samples
because it is the most abundant natural oestrogen excreted
by cycling women; it is also the by-product of biodegradation
of estradiol (Huerta-Fontela et al., 2010). Another study has
been reported for these compounds in Mess River during the
floodwater season in Luxembourg (Pailler et al., 2009). The
concentrations obtained were ibuprofen (9-2382 ng-L"), E1
(4-27 ng'L") and diclofenac (3-20 ng-L") (Pailler et al., 2009).
The river concentration of E2 was relatively high (35 ng-L"),
especially when taking into account its presumed endocrine
disrupting effect on animals at this level (Pailler et al., 2009).

A suitable analytical methodology is essential to determine
low or trace concentrations of EDCs. In the past, residues
of oestrogens in aqueous and solid environmental samples
have been commonly analysed by gas chromatography (GC)
equipped with mass spectrometry (MS); however, the necessary
derivatisation steps are not only time consuming and laborious
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Figure 1
Structure of oestrogenic hormones (from Lewis and Archer, 1979)

but also tedious (Huerta-Fontela et al., 2010; Huerta-Fontela et
al., 2011).

The UFLC-MS is able to simultaneously analyse multiple
target analytes within one sample run. Over the past 10
years, commonly-used LC-MS has become a reliable standard
technique in clinical application fields like therapeutic drug
monitoring (TDM), new-born screening, and toxicological
diagnostics (Vogeser et al., 2016; Wolff et al., 1999). Therefore,
UFLC-MS has the potential to become a strong competitor for
widely-used immunoassays for steroid analysis, especially when
more than one steroid hormone has to be analysed with high
selectivity, sensitivity, precision and accuracy (Koal et al., 2012).

The main advantage of liquid chromatographic (LC)
techniques in the analysis of environmental samples for
oestrogens is that sulphuric and glucuronic metabolites can be
determined without the need for derivatisation, as is the case
for GC systems. Most common derivatisation in LC is intended
to enhance detectability by ultraviolet absorption, fluorescence,
or electrochemistry (Chan et al., 2011; De Jager et al., 2011). Use
of triethylamine or ammonium-acetate for buffering the mobile
phase is widely documented. A pH-adjustment of the eluent
sometimes reacts with the silica in silica-based columns unless
the post-column addition of ammonia or trimethylamine is
used (Ingerslev et al.,2003).

However, UFLC-MS needs comprehensive standardisation
to become a successfully established technology in routine
laboratories for steroid hormone analysis. Standardisation
is needed to minimise analytical intra and inter-laboratory
variability (imprecision and inaccuracy) and to improve the
quality of the quantitative results (Huerta-Fontela et al., 2011;
Izumi et al., 2009).

Herein we developed and validated a new method for
simultaneous determination of hormones in environmental
water samples using a highly sophisticated UFLC coupled
to triple quadrapole mass spectrometry (MS-MS). The
developed method was applied for the detection of hormones
in raw and treated potable water samples within the Vaal
River catchment area situated in the south of Johannesburg,
South Africa. Little is known of the presence of
pharmaceuticals and hormones in raw waters that are treated
for drinking water, especially in South Africa. The need for
further studies on detection of these emerging pollutants
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should be of utmost importance to ensure the health and
safety of consumers. The lack of systematic monitoring
programmes in South Africa and fluctuating concentrations
of hormones with inadequate analytical methods of detection
may possibly exacerbate the situation.

MATERIALS AND METHODS
Sample collection and study area

Samples were collected in 1 000 mL amber glass bottles
and transported to the laboratory. Samples were extracted
immediately to avoid biological degradation. A total number of
28 samples of raw and treated water samples, from 14 sampling
points, were collected in December 2013 and July 2014 from
the Vaal River catchment area for hormone analysis. The Vaal
River catchment area is situated in the south of Johannesburg,
in Gauteng Province, South Africa.

The samples were collected at 14 sampling points in the
south of Johannesburg drinking water supply area, from
two source-water catchment areas. Surface water samples
collected from the catchment areas were from Sampling Point
A (collected on the Gladdedrif Bridge from the Vaal River in
Villiers) and Sampling Point B (collected from the Wilge River
in Frankfort, Free State). The raw water samples, C, D and E,
were collected from the intake of the three water treatment
plants (WTPs) in the south of Johannesburg. Final treated
water samples were collected at Sampling Points F, G, H and
I. Other treated water samples (J and K) were also collected
at a sampling point 5 km after chlorination by the two WTPs
(C and D). Additional samples were also collected at the booster
stations before and after chloramination at Sampling Points
L and M, respectively.

Chemicals and reagents

High-purity standards for estrone (E1, > 99.0%),
17B-estradiol (E2, > 99.0%), 17a-estradiol (E2, > 99.0%) and
17a-ethinylestradiol (EE2, > 99.0%) were purchased from
Sigma Aldrich (St. Louis, USA). Methanol (99.9%), GC and
HPLC grade was purchased from Merck (Johannesburg,
South Africa). HPLC grade acetonitrile (99.9%) was purchased
from Burdick & Jackson (Johannesburg, South Africa); liquid
ammonia (NH,) for pH adjustment was purchased from
Sigma Aldrich (St. Louis, USA). Deionised water for blank
determination was purified in a Milli-Q system (Millipore)
supplied by Merck South Africa.

Preparation of stock solution and calibration

Standard stock solutions were prepared by dissolving 10 mg
of each hormone compound (E1, E2 isomers and EE2) into

a 10 mL volumetric flask using a 50% methanol solution. A
mixed standard containing a concentration of 0.01 uL* was
prepared from the stock solutions following further dilutions.
A multi calibration solution containing target compounds at
concentrations of 0.2, 0.4, 0.6, 0.8 and 1.0 ng-L"! was prepared
in 1 L of deionised water and extracted using a laboratory-
developed SPE method.

SPE (Agela PEP (C ), 200 mg 6 mL) cartridges were
conditioned with 3 aliquots of 10 mL methanol in an assembled
SPE manifold. An amount of 10 mL of reagent water was then
added to each cartridge followed by percolation of 1 L samples
at a flow rate of 10 mL-min™ under small vacuum.

112


http://dx.doi.org/10.4314/wsa.v44i1.13
http://www.wrc.org.za
https://creativecommons.org/licenses/by/4.0/

Cartridges containing extracted analytes were further dried
under full vacuum for about 10 to 15 min, followed by the slow
elution of analyte with methanol into collection tubes. A total
volume of 7.5 mL of methanol was used to elute analytes from
the SPE cartridge.

The extract was then concentrated to dryness with nitrogen
before adjusting to a 250 pL volume with a 50% methanol solution.
An aliquot was ready to be injected into a UFLC interfaced to a
MS. These conditions were standard for all analytes of interest in
this study. Analytical samples and spiked samples were extracted
in the same way using SPE before final analysis.

Reverse phase chromatography conditions

The separation was performed using Shimadzu ultra-fast liquid
chromatograph (LC-20AB) connected to auto-sampler (SIL-
20AC) by communication module (CBM 20A). The temperature
of the column oven (CTO-10AS) was kept constant at 40°C.

A volume of 100 uL of each sample was introduced into
the UFLC and separated on a Phenomenex Kinetex C,
Sorbent (100 x 4.6 mm; 2.6 pm) column (including C,, guard
column with 2.1mm ID) at 40°C. The gradient elution between
acetonitrile (containing 5% water) and water (containing 5%
acetonitrile) was performed at 0.35 mL-min". The gradient
elution started with 5% acetonitrile and increased to 85% over
9 min followed by further 3 min at 85% acetonitrile.

Mass spectrometry conditions

An AB Sciex 3200 Q Trap MS-MS system was used. Each

1 mg-L" pure hormone standard at a pH of 10.2 was infused
into the mass spectrometry to optimise fragmentation
parameters of ions. During the infusion of pure hormone
standards, negative and positive modes were investigated; the
negative mode produced optimum conditions and as a result it
produced intense signals.

The negative ionisation was found to be better compared to
the positive ionisation. The mass spectrometry was optimised
in negative (M+H') multiple reaction monitoring modes
(MRM); the product ions that yielded high sensitivity were
used for quantitative analysis.

The optimisation of cone voltage enhanced the sensitivity
of parent ions as well as its signal for all analytes. The
corresponding declustering potentials (DP), collision energies
(CE) and exit potentials (EP) were —70, —2.5, =70, respectively,
for estradiol isomers, whilst =60 (DP), —4 (CE) and —60 (EP)
were recorded for EE2. Corresponding DP, CE and EP for E1
were —40, —10 and —40, respectively. The optimised collision
energy values differ from analyte to analyte because MRM ions
were investigated independently.

The identification of analyte peaks was further confirmed
by using retention times (R s) comparison with standards.

Optimisation of the separation

Physical properties such as pK and log K are taken into
account in order to achieve better extraction efficiencies, since
they determine the prevalence of the ionic and neutral forms of
compounds as a function of pH (Huerta-Fontela et al., 2011).
During the method development phase, the mixture of
hormones was subjected to UFLC-MS and initially only 3
peaks were observed due to co-elution estradiol isomers. The
co-elution of isomers 17B-estradiol (B-E2) and 17a-estradiol
(a-E2) was due to similar chemical properties. Analytical

http://dx.doi.org/10.4314/wsa.v44il.13

Available on website http://www.wrc.org.za

ISSN 1816-7950 (Online) = Water SA Vol. 44 No. 1 January 2018
Published under a Creative Commons Attribution Licence

gradient conditions were further optimised to achieve the
separation of 2 peaks at 4.72 and 4.91 min. The co-elution of E1
and EE2 at 5.17 min was not considered a problem since their
fragmentation ions are different (LaFleur et al., 2011).

Qualitative and quantitative analysis

Aliquots of hormones were injected into a UFLC interfaced

to an MS. Analytes were identified by comparing the mass
spectra and retention times to reference spectra for calibration
standards acquired under identical UFLC-MS conditions.

The concentration of each analyte was determined using the
external standardisation technique. Post-column introduction
of 0.4% NH, at a flow rate of 0.05 mL-min"' was performed
using a pump system to improve the ionisation process
(Carabias-Martinez et al., 2004).

The four compounds identified were chosen as target
analytes for this study due to the availability of standards.
Estrone, estradiol and ethinylestradiol studied here belong to
the same class of oestrogens.

Quality control

The calibration curves, consisting of 5 points with a range of
0.2 to 1.0 ng-L"', were used for quality assurance. Calibration
standards were prepared daily prior to analysis. All analytical
samples and spiked samples were analysed in this analytical
range. Any samples above this range were diluted further
accordingly. Extraction of samples was done in replicates and
accuracy of the method was determined by extraction of spiked
samples with known concentration at concentration levels near
to expected real samples.

In order to test for inter-day variation of the extraction
and analysis of the developed method, a spiked sample of
0.50 ng-L"! was analysed over the period of 3 non-consecutive
days. Limit of detection (LOD) and limit of quantification
(LOQ) were derived from the linear calibration equation
(Gustavo Gonzdlez et al., 2007). LOD was expressed in
response units and was taken as 3 times the signal-to-noise
ratio. The LOQ was estimated to be 10 times the signal-to-
noise ratio.

RESULTS AND DISCUSSION
Quality control results

The overview of the physical and chemical properties of the
compounds and some quality control parameters are presented
in Table 1. The calibration curves, consisting of 5 points,

were linear in the region of 0.2 to 1.0 ng-L". Coefficients of
determination (r?) of more than 0.99 were achieved, indicating
a good linear dynamic range from 0 to 1.0 ng-L* for all of the

TABLE 1

Physico-chemical properties and parameters of hormones
LOD (LOQ)

Analyte *pK, *LogK_, r (ng-L")
El 10.7 3.7 0.998 0.07 (0.24)
E2(a) 10.7 4.1 0.997 0.09 (0.30)
E2(B) 10.7 4.1 0.996 0.10 (0.32)
EE2 10.2 4.5 0.998 0.07 (0.24)

*Hormone properties obtained from Lewis and Archer (1979)
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analytes. The LOD and LOQs for the method were in the range
0f 0.07 to 0.32 ng-L", respectively.

The results of the accuracy test and inter-day comparison
are shown in Table 2. Table 2 shows the method performance
parameters obtained from the statistical data evaluation; the
percentage RSDs ranged from 9.3 to 11.4%, indicating good
method precision given the low detection limits required for
these analytes. The accuracy of the method was in the region of
93.8 to 100.9%, indicating good performance achieved by the
UFLC-MS-MS.

The average precision for all compounds fell within 15%;
this value is acceptable given the ultra-trace nature of these
analytes and the complexity of the method. The accuracy was
within + 10% semi-range for most hormones, which is also
considered to be acceptable.

The recovery of spiked samples was not determined since
calibration standards and analytical samples were extracted
in a similar manner. Analysis was performed under similar
SPE and optimised instrumental conditions. The uncertainty
of measurements was determined using the ISO Guide to the
Expression of Uncertainty in Measurement (Ramsey et al.,
2007), and ranged between + 0.14 and + 0.15 ng-L".

Concentration of hormones in water samples

The study was conducted between December 2013 and June
2014, with samples taken in summer (wet season) as well as
winter (dry season); a total combined number of 28 samples
were taken for hormone analysis in both seasons. The results
for the wet and dry seasons for raw water samples are presented
in Table 3.

Figures 2 and 3 show chromatograms where estrone was
detected in the raw water samples during the wet season for
Sample D and Sample E, at concentrations of 0.90 and 4.43
ng-L", respectively. It is important to note that estrone was

only detected during the rainy season in this study (Table

3). Oestrogens (estradiol, estrone, and estriol) are female
hormones responsible for the development and maintenance
of reproductive tissues and secondary sex characteristics in
females (Amin et al., 2006; Martini et al., 2015). Estrone is
also the main metabolite of 17B-estradiol (a natural oestrogen)
and reaches the environment via the sewer system or animal
excretion (ESWE Institute for Water Research and Water
Technology, 2003). All 8 treated water samples in both seasons
did not contain detectable levels of hormones; this might be
due to the ability of a water treatment plant to remove the
compounds during the water purification process. Carballa

et al. (2004) reported that these compounds are only partially
eliminated during conventional (coagulation, sand filtration)
water treatment processes. The study reveals that in South
Africa the occurrence of hormones (estrone in particular) in
raw water is variable, depending on the particular season; the
absence of hormones in drinking water reveals that current
levels of hormones are potentially removed during conventional
water treatment processes. The detection of estrone in water
bodies did not come as a surprise because it is also the main
metabolite of 17B-estradiol (a natural oestrogen) (ESWE
Institute for Water Research and Water Technology, 2003).

To the best of our knowledge, this is the first time that the
selected oestrogens have been investigated in the Vaal River
catchment’s raw and treated waters using HPLC-MS-MS.

This is important for the Gauteng Province which is the most
densely populated province.

Comparison with other studies

Table 4 shows the summarised scope of the detection of
hormones in South Africa in comparison with other studies.
In this study, estrone was detected in the range of 0.90 to
4.43 ng'L" in raw water samples, which is similar to results of

TABLE 2
Method performance parameters obtained from statistical evaluation
Analyte Precision Spiked Obtained Accuracy Uncertainty
(% RSD) concentration concentration, (%) +/- (ng-L")
(ng-L") (n=8) (ng-L")
El 9.3 0.500 0.504 100.9 0.15
E2(a) 9.6 0.500 0.469 93.8 0.14
E2(B) 11.4 0.500 0.488 97.6 0.15
EE2 10.7 0.500 0.478 95.6 0.14
TABLE 3
Results of the raw water samples where the hormones of interest were detected
Raw water samples
Parameter Unit of measure Sample D Sample E
(raw water) (raw water)
Wet season Dry season Wet season Dry season
E1(269.087/144.900 Da) ngL* 0.90 nd 4.43 nd
E2(a) (271.063/144.800 Da) ngL? nd nd nd nd
E2(PB) (271.063/144.801 Da) ngL* nd nd nd nd
EE2 (295.064/144.900 Da) ngL! nd nd nd nd

nd -analytes not detected.
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Figure 2
Chromatogram of extracted estrone in Sample D
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Figure 3
Chromatogram of extracted estrone in Sample E
TABLE 4
Comparison of detection of hormones in surface waters with other studies
Country a-E2 B-E2 EE2 Sample Analytical Reference
(ng-L") (ng-L") (ng-L") (ng-L") pre-treatment technique
Netherlands 0.3-3.0 0.3-5.5 0.1-4.3 0.1-3.4 LC fractionation GC-MS (Belfroid et al., 1999)
China 0.0-1.8 - 0.0-2.7 0.5-3.1 Derivatisation GC-MS (Ahmed et al., 2017)
Germany - - - 0.0-1.6 SPE/derivatisation GC-MS (Carballa et al., 2004)
South Korea - - - 1.8-5.0 SPE LC-MS (Kim et al., 2007)
South Africa - - - 0.9-4.4 SPE LC-MS This study

1 to 5 ng-L" obtained in The Netherlands, with estrone being
the most frequently observed oestrogen hormone (Belfroid et
al., 1999). Ying et al. (2002) reported that oestrogens in humans
and animals undergo various degradation mechanisms,
taking place mainly in the liver; they are frequently oxidised,
hydroxylated, deoxylated and methylated prior to the final
conjugation with glucuronic acid or sulphate. In another study,
Hohenblum et al. (2004) reported 17pB-estradiol in the range of
0.1 to 0.8 ng-L" in Austrian groundwater. Various oestrogenic
compounds were detected in ground and surface waters of
France within the range of 0.1 to 1 ng-L", even though the fate
and impact of these compounds on public health is not clearly
known (Vulliet et al., 2011).

This study shows that no oestrogen hormone was
detected in any of the 8 treated drinking water samples
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in the south of Johannesburg, during both seasons. These
results were comparable to other researchers; Dévier et
al. (2013) reported the absence of these four oestrogenic
hormones in Evian and Volvic (bottled natural mineral
waters). However, estriol has been detected at the drinking
water treatment plant of Abrera in Spain at a concentration
of 11.60 ng-L"! (Kuster et al., 2008).

E2 is rapidly oxidised to estrone, which can be further
converted into estriol, the major excretion product which
has not been determined in this study. A study performed on
Canadian and German wastewater samples detected estrone
at a maximum concentration level of 70 ng-L. However, a
concentration of 1.6 ng'L " estrone was detected in surface and
stream water samples. This can support the rapid degradation
of estrone into estriol (Ying et al., 2002).

115


http://dx.doi.org/10.4314/wsa.v44i1.13
http://www.wrc.org.za
https://creativecommons.org/licenses/by/4.0/

CONCLUSION AND RECOMMENDATIONS

An analytical method has been developed and validated to
identify and quantify 4 hormones in raw and treated drinking
water samples with the accuracy ranging between 93.8 and
100.9% and the limit of quantification in the range of 0.24 to
0.32 ng-L™! for all analytes.

UFLC-MS is a suitable analytical technique for the
determination of oestrogen hormones in water samples
compared to the commonly used GC-MS which requires
derivatisation. Derivatisation steps are not only time
consuming and laborious but also tedious.

The high accuracy, good precision, adequate LODs and
LOQs obtained by SPE and UFLC interfaced to a MS-MS
demonstrates that the developed method is suitable for
determination of oestrogen hormones in source and drinking
water samples.

It is reccommended that a method for wastewater analysis
be developed and validated to detect these compounds
in wastewater treatment plants in South Africa in order
to confirm the source of their occurrence and identify
technologies for their removal. The outcome of the study will
foster collaboration among stakeholders to establish a list of
important oestrogens to be monitored and to effect legislation
in South Africa.
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