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Advances in many analytical techniques allow the detection of compounds in water at very low concentrations 
(ng/L), which has facilitated the identification of many compounds in drinking water that went previously 
undetected. Some of these compounds are contaminants of emerging concern (CECs), which is broadly 
defined as any chemical or microorganism that is not currently being routinely monitored but has recently 
been identified as being present in the environment, and that may pose health or ecological risks. CECs can 
include pharmaceuticals, personal health care products and pesticides. Some CECs can act as endocrine 
disruptors, interfering with the normal functioning of the human endocrine system, potentially influencing 
foetal and child development. Although the level of many of these compounds are orders of magnitude below 
known acute toxicity levels, the health impact of long term exposure at low levels is mostly unknown. In this 
study, we present the results of a national survey over four seasons of potential CECs in the drinking water 
of major South African cities. The contaminants most often detected were the related herbicides atrazine 
and terbuthylazine, and the anticonvulsant and mood-stabilising drug, carbamazepine. The levels of these 
CECs were well below maximum levels proposed by the World Health Organization and the US Environmental 
Protection Agency. However, the range of CECs detected in drinking water, and seasonal and geographic 
variability in CECs levels, warrant a more frequent screening programme.

Introduction
Advances in analytic technologies allow the identification of chemical compounds at exceedingly low concentrations 
(10-9 g/L) in drinking water.1 This permits the identification of compounds which, until recently, were undetectable 
in water. These compounds fall into broad categories, including pesticides, pharmaceuticals and personal care 
products. Because we are only now becoming aware of the presence of these chemicals in drinking water, most 
of these compounds are not included in routine monitoring programmes. Although these compounds are generally 
present at concentrations several orders of magnitude below established acute toxicity levels, the effect of long-
term exposure to very low concentrations of these compounds on human health and development is not known. 
This is particularly relevant to pharmaceutical contaminants, which are designed to be physiologically active at very 
low concentrations. Furthermore, some of these compounds interfere with the human endocrine system (endocrine 
disruptors), which may result in severe developmental defects with exposure of foetuses or infants during critical 
developmental windows. There is therefore a pressing need to investigate the potential health impacts of these 
compounds in drinking water, collectively known as contaminants of emerging concern (CECs).2,3

The US Geological Survey undertook several national reconnaissance studies, including a 1999/2000 programme, 
in which samples were analysed from 139 streams across 30 states in the USA.4 A wide range of chemicals present 
in residential, industrial, and agricultural wastewaters was found to occur at low concentrations in streams in the 
United States. The chemicals detected included human and veterinary drugs, natural and synthetic hormones, 
detergent metabolites, plasticisers, insecticides and fire retardants. One or more of these chemicals was found in 
80% of the streams sampled. In a national groundwater study by the US Geological Survey, samples from 47 wells 
in 18 states were analysed for 65 chemicals.5 A profile of chemical pollutants similar to that observed in streams 
was found, although the contaminants were generally present at much lower levels. In another US Geological Survey 
study of untreated drinking water from 25 groundwater and 49 surface water sites in 25 states, pharmaceuticals, 
plasticisers and fire retardants were detected.6 Taken together, these studies provided valuable baseline information 
on the presence of CECs and other compounds in the US water system, and provides a valuable frame for further 
toxicity and public health impact studies.

The list of CECs is extensive, and includes sucralose, antimony, siloxanes, musks, nanomaterials, perfluorooctanoic 
acid, perfluorooctane sulphonate and other perfluorinated compounds, pharmaceuticals, hormones and hormone-
active compounds, collectively known as endocrine disrupting compounds, drinking water disinfection by-products, 
sunscreens/UV filters, brominated flame retardants, benzotriazoles, naphthenic acids, cyanobacterial toxins, 
perchlorate, dioxane, pesticides and pesticide degradation products, and microorganisms, including viruses.7

Generally, organisations involved in water health and safety monitor CECs based on available technologies, known 
occurrence and health impacts.8,9 A technique that is currently widely used to monitor CECs is high performance 
liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS).7

Here we report the first national survey of CECs in the drinking water of major South African cities. The survey includes 
a qualitative screen for approximately 700 compounds, as well as the quantitation of three critical compounds identified 
in the qualitative screen, atrazine, terbuthylazine and carbamazepine. Atrazine is a herbicide used for the control of 
broadleaf weeds in the maize, sorghum and sugar cane agricultural industries. Epidemiological studies showed a 
correspondence between elevated atrazine levels in drinking water and low sperm volume and motility10, foetal growth 
defects, including restriction11, small-for-gestational-age12 and intrauterine growth retardation13, foetal gastroschisis14 
and increases in limb reductions (upper and lower), hypospadias and epispadias, cryptorchidism, and spina bifida15. 
Terbuthylazine is a general, broad-spectrum pre- or post-emergence herbicide used in agriculture. Terbuthylazine 
was shown to cause an increase in DNA damage in cultured mammalian cells at concentrations equivalent to the 
occupational exposure limits.16 Carbamazepine is a therapeutic used as an anticonvulsant and a mood-stabilising drug. 
While it was reported that epilepsy patients who receive carbamazepine therapy during pregnancy delivered babies 
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with an increased rate of congenital anomalies such as neural tube defects, 
and cardiovascular and urinary tract anomalies17, no epidemiological studies 
on the presence of carbamazepine at low concentrations in drinking water 
have been published to date.

Materials and methods

Reagents and materials
High purity (>98%) chemical standards for atrazine and carbamazepine 
were purchased from Sigma Aldrich (St. Louis, MO, USA), while 
terbuthylazine and deuterated-atrazine were purchased from Dr Ehrenstorfer 
(Augsburg, Germany). Stock solutions for each standard were prepared 
in methanol (1 µg/L). High-performance liquid chromatography (HPLC) 
grade methanol (MeOH), acetonitrile (ACN), formic acid and ammonium 
hydroxide were purchased from Sigma Aldrich.

Ultra-pure water (18 mΩ) was prepared with a Milli-Q purification device 
(Millipore, Billerica, MA, USA) and used in all experiments.

Method development and validation
The quantitative method was developed according to the Food and Drug 
Agency guidelines for method validation.18

Sampling
Samples (1 L) were collected in amber glass bottles from water treatment 
plants (WTPs) in Cape Town, Port Elizabeth, Durban, Pietermaritzburg, 
Johannesburg, Pretoria and Bloemfontein during months in each of the 
four seasons (February, April, July and October 2012), as well as from 
residential taps in Bloemfontein south and Bloemfontein north, supplied 
by two different reservoirs. Confidentiality agreements were entered into 
with the WTPs to not disclose the identity of the individual plants. Samples 
were collected and stored at 4 °C until analysis, usually within 24–48 h.

Solid phase extraction
Sample preparation involved compound extraction and reconstitution in 
1 mL of H2O / 0.1% formic acid. Solid phase extraction is still the preferred 
approach of extraction, because it produces higher yields than liquid/liquid 
extraction, can be automated and significantly reduces preparation time.7,19 
Milli-Q water fortified with CEC standards was used to optimise solid 
phase extraction  parameters. Different solid phase extraction cartridges 
with varying sorbent characteristics were analysed to identify the cartridge 
with the best recovery.

Before extraction, cartridges were equilibrated with 6 mL pure MeOH. 
After equilibration, samples were loaded at a flow rate of approximately 
6 mL/min. After samples were loaded, cartridges were washed with 6 mL 
of ultrapure water. Extracts were eluted into 6 mL tubes using 2 mL of 
MeOH and 2 mL of acetonitrile. Eluates were evaporated using a Savant 
SC 210A Speedvac concentrator with a Thermo RVT 4104 refrigerated 
vapour trap. Extracts were reconstituted in 1 mL of H2O / 0.1% formic 
acid and suspended using a vortex (Velp Scientifica, Italy) as well as by 
sonication (Branson, USA).

LC-MS/MS analysis
The analysis was performed on an HPLC (Agilent 1200) linked to a 
3200 QTRAP hybrid triple quadrupole mass spectrometer (AB SciEx, 
Framingham, MA, USA). The HPLC was fitted with a 3-µm Gemini-
NX-C18 110-Å (150 x 2 mm) column (Phenomenex, CA, Torrance, USA). 
Formic acid (0.1% v/v) in water (solvent A) and formic acid (0.1% v/v) in 
MeOH (solvent B) were used as elution solvents for positively charged 
analytes. Negatively charged analytes were separated in NH3OH (0.1% v/v) 
in water (solvent A) and NH3OH (0.1% v/v) in MeOH (solvent B).

Analytes were detected and quantified using multiple reaction monitoring 
using precursor and two fragment transitions for each of the analytes.20,21 The 
m/z values used are shown in Table 1. Multiple reaction monitoring provides 
increased selectivity and reduces the likelihood of spectral interferences.

Results and discussion

Initial screening
We performed an initial LC-MS/MS analysis of drinking water from 
Bloemfontein and Johannesburg to obtain an insight into the range of CECs 
present in drinking water in South African cities. We made use of a MS/MS 
fragmentation library of approximately 700 compounds (see Supplementary 
table 1 online). The result of this initial screen is shown in Table 2.

A review of the frequency of occurrence, coupled with toxicity data and 
community health impact from epidemiological studies,22 where available, 
suggested that atrazine, terbuthylazine and carbamazepine posed the 
highest public health risk to the South African water consumer. For this 
reason it was decided, apart from the general screening of drinking water 
for CECs, to also quantitate atrazine, terbuthylazine and carbamazepine 
in all collected water samples. In the absence of an established method, 
we needed to develop a robust protocol for the quantitation of these three 
CECs by LC-MS/MS. Method selectivity, accuracy and precision, as well as 
analyte recovery and stability are generally essential parameters to consider 
in method development and validation.18

Table 1: Precursor and fragment m/z values

Precursor m/z Fragment 1 m/z Fragment 2 m/z

Atrazine 216.0 174.1 104.0

Terbuthylazine 230.0 174.1 104.0

Carbamazepine 237.1 194.2 192.1

Table 2: Preliminary screening of contaminants of emerging concern in 
drinking water

Analyte

Bloemfontein Johannesburg

Oc
cu

rr
en

ce
 

(%
)

Jan 
2010

Oct 
2010

Jan 
2011

May 
2011

Jul 
2011

Jul 
2011

Dec 
2010

Jun 
2011

Amphetamine • • • • • 63

Atrazine • • • • • 63

Carbamazepine • • • • • 63

Diphenylamine • 13

Imidacloprid • 13

Metolachlor • • • • • • 75

Oxadixyl • 13

Simazine • 13

Tebuthiuron • • • • • 63

Telmisartan • 13

Terbuthylazine • • • • • • • • 100

A solid circle indicates that the stipulated compound was identified in the water sample.
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Method validation

Calibration curve
A calibration curve was determined by measuring the MS ion count over 
a concentration range of 5×10-5, 1×10-4, 5×10-4, 1×10-3, 5×10-3, 
1×10-2, 5×10-2, and 1×10-1 µg/L for each of atrazine, terbuthylazine 
and carbamazepine. The representative calibration curve of atrazine is 
shown in Figure 1. Comparable results were obtained for terbuthylazine 
and carbamazepine (data not shown).
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The limit of detection, lower limit of quantification and upper limit of 
quantification were determined for each of the three CECs using the MS 
spectra in the concentration range 5×10-5 – 1×10-1 µg/L. The limit of 
detection and lower limit of quantification were determined at signal-to-
noise ratios of 3 and 10, respectively.23-25

The upper limits of quantification were defined as the highest concentration of 
analyte detectable with reasonable precision and accuracy.18,24,26 The lower 
limit of quantification, upper limit of quantification, recoveries, coefficient 
of variance and maximum contaminant levels are shown in Table 3. An 
internal standard, deuterated atrazine, was added at 1×10-1 µg/L before 
solid phase extraction. The same concentration of internal standard was 
injected into each of the vials (5×10-5 – 1×10-1 µg/L), and was used 
during quantification of atrazine and terbuthylazine.

Selectivity and crosstalk

The selectivity of a method can be verified by establishing the absence 
of analyte peaks in a blank sample at the determined elution time for that 
analyte.18 The absence of crosstalk is shown by detecting comparable 
concentration for an analyte in a sample containing the single analyte 
compared to a sample containing a mixture of different, possibly 
interfering, analytes. To establish the selectivity and absence of crosstalk 
in our quantitation protocol, three vials were filled with 50 ng/L atrazine, 
terbuthylazine or carbamazepine, and a fourth vial was filled with a 
mixture that contained 50 ng/L of each of atrazine, terbuthylazine and 
carbamazepine. It was particularly important to demonstrate the absence 
of crosstalk for atrazine and terbuthylazine, because the m/z values of 
the two major fragments were identical (Table 1). The single analytes 
showed no significant difference compared to that of the mixture of three 
analytes in three independent repetitions of the experiment (paired t-test, 
confidence interval = 99%). Similarly, no analyte could be detected 
in sample blanks. The results are shown in Figure 2. Comparisons of 
mean analyte peak areas of a single analyte and in a mixture revealed no 
significant difference.
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Figure 1: Calibration curve for atrazine.

Table 3: Measures of optimised measurement method

Analyte Linearity 
(R2-value)

Lower limit of 
quantification

(µg/L)

Upper limit of 
quantification 

(µg/L)
Recovery†

Precision† 
(% coefficient of 

variance)
Accuracy† (% bias)

Atrazine 0.99880 0.00010 0.10000 103% 2% 3%

Terbuthylazine 0.99860 0.00005 0.10000 103% 3% 3%

Carbamazepine 0.99000 0.00005 0.10000 120% 1% 20%

†Measured at 5×10-2 µg/L
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Figure 2: Comparisons of mean analyte peak areas of a single analyte 
and in a mixture revealed no significant differences.

Accuracy and precision
The precision and accuracy of the quantitation protocol was demonstrated 
by determining the concentration of each of the three analytes in standard 
samples of 5×10-2 µg/L, a concentration in the intermediate range 
between the lower limit of quantification and upper limit of quantification. 
In all cases, the coefficient of variance was less than 15% and the bias less 
than 20% (see Table 3), within the prescribed limits.18

Presence and seasonal variation of CECs in drinking water
Drinking water samples were taken at seven WTPs in major cities in 
South Africa at a point before the water entered the reticulation system. 
The samples were extracted on a solid phase cartridge, eluted, and 
analysed by LC-MS/MS. The precursor m/z as well as the m/z values 
of two major fragments were compared to a library of compounds (see 
Supplementary table 1 online). Compounds were identified where the 
precursor and well as both fragment m/z values could be matched 
to a library entry. The combined results of the screening of the seven 
drinking water samples are shown in Table 4. Atrazine, terbuthylzine and 
carbamazepine were detected in more than 60% of the drinking water 
samples. The seasonal distribution of atrazine fitted with its agricultural 
use as herbicide for summer crops. Carbamazepine, an anticonvulsant 
that is also prescribed for treatment of bipolar disorder, was present at 
a steady level in more than 70% of the samples. Cinchonidine, which 
is used in the chemical synthesis industries, was detected in almost 
90% of the samples. Diphenylamine, which was present in about 40% 
of the samples, has wide application, including as an anti-scalding 
agent for fruit. The antifungal fluconazole and herbicides hexazinone and 
metolachlor were present in approximately 16% of the samples, with 
the latter present exclusively in the summer, most likely as a result of 
its agricultural application. Phenytoin, an anticonvulsant drug prescribed 
under the trademark ‘Epanutin’ in South Africa, was present in drinking 
water throughout the year. The antibacterial agent, sulphisomidine, 
was present in 18% of the samples. The herbicides, terbuthiuron 
and terbuthylazine, were consistently present in drinking water 
throughout the year. Interestingly, ephedrine, used as a decongestant 
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and bronchodilator, was observed only in the winter, consistent with 
its expected increased medical use. Enilconazole, an antifungal agent 
widely used in the growing of citrus fruit, was observed only in autumn. 
Interestingly, we never detected any cyanobacterial microcystins, but 
had no information on the occurrence of upstream algal blooms.

Having established the frequency of occurrence of a range of pesticides 
and therapeutic compounds in metropolitan drinking water, it was decided 
to quantitate the levels of atrazine, terbuthylazine and carbamazepine, as 
these three compounds were present at very high frequency and were 
also associated with significant public health risks.

Quantitation of three critical CECs in drinking water
The drinking water samples, treated as before, were separated by 
reverse phase HPLC and quantitated by multiple reaction monitoring on a 

hybrid triple quadrupole mass spectrometer using the developed method 
described above. This procedure involved the integration of the ion count 
during elution of a compound from the HPLC column, with concomitant 
confirmation of the identity of the compound by the presence of peaks 
at the correct precursor and major transition fragment m/z values. The 
peak area was used to deduce the concentration from the standard 
curve of each of the three compounds of interest. The concentrations 
are tabulated in Supplementary table 2 online.

The guideline value proposed by the World Health Organization (WHO) 
for atrazine is 100 mg/L27, whilst the maximum contaminant level 
stipulated by the US Environmental Protection Agency (EPA) is 3 mg/L8. 
Figure 3 indicates that the highest level of atrazine recorded during 
the one year survey was more than an order of magnitude below the 
maximum contaminant level set by the EPA. The level of atrazine was 

Table 4: Seasonal screening and analyte occurrence (%) at all sampling sites: Cape Town, Port Elizabeth, Durban, Pietermaritzburg, Johannesburg, Pretoria 
and Bloemfontein

Analytes Summer (%) Autumn (%) Winter (%) Spring (%) Average annual occurrence (%)

2-deoxyguanosine 0% 0% 14% 0% 4%

Atrazine† 86% 71% 29% 57% 61%

Benzocaine 0% 0% 0% 14% 4%

Carbamazepine† 71% 71% 57% 86% 71%

Cinchonidine 86% 86% 100% 71% 86%

Cinchonine 0% 0% 0% 14% 4%

Diphenylamine 14% 43% 0% 100% 39%

Enilconazole 0% 14% 0% 0% 4%

Ephedrin 0% 14% 14% 0% 7%

Flecainide 0% 14% 0% 0% 4%

Fluconazole 14% 29% 14% 14% 18%

Hexazinone 14% 14% 14% 14% 14%

Imidacloprid 0% 0% 0% 14% 4%

Metazachlor 0% 14% 0% 0% 4%

Metolachlor 71% 0% 0% 0% 18%

Minoxidil 0% 14% 0% 0% 4%

Nalidixicacid 0% 0% 14% 0% 4%

Paracetamol 0% 14% 0% 0% 4%

Phenytoin 29% 57% 29% 43% 39%

Sebuthylazine-desethyl 14% 0% 0% 0% 4%

Simazine 0% 14% 0% 0% 4%

Sulphisomidine 29% 29% 0% 14% 18%

Tebuthiuron 71% 57% 57% 43% 57%

Telmisartan 14% 71% 0% 29% 29%

Temazepam 0% 14% 0% 0% 4%

Terbumeton 0% 14% 0% 0% 4%

Terbuthylazine† 86% 86% 86% 100% 89%

Thiabendazole 0% 14% 0% 0% 4%

†Contaminants of emerging concern that were quantitated in this study.
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consistently high throughout the year in Johannesburg, compared to the 
average value recorded for all the samples. Interestingly, high atrazine 
values were also recorded in tap water in Bloemfontein in the autumn 
and spring, even though low levels were recorded at the WTP at the 
same times. This suggested that the concentration of atrazine may vary 
very sharply, and that a much higher sampling frequency is required to 
accurately determine its variation over time.

The guideline value proposed for terbuthylazine by the WHO is 7 mg/L.27 
The EPA has no set maximum contaminant level for terbuthylazine.8 
Referring to Figure 3, it is seen that the highest recorded concentration 

for terbuthylazine in drinking water (Pretoria, autumn) is at least an order 
of magnitude less that the WHO guideline value. Johannesburg, again, 
showed a consistently high level of terbuthylazine throughout the year, 
compared to the other WTPs.

The maximum contaminant level for the pharmaceutical carbamazepine 
was set at 12 mg/L.28 The highest level of carbamazepine detected 
in drinking water (see Figure 3) was significantly less than this level. 
Interestingly, the level of this anti-epileptic and mood-stabilising drug 
was consistently high throughout the year in Bloemfontein, compared 
to the average national level. Particularly high levels were recorded in 
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Figure 3: Concentration of (a) atrazine, (b) terbuthylazine and (c) carbamazepine – three major contaminants of emerging concern  – in the drinking water of 
major South African cities. 
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the summer (Figure 3). We again observed a discordance between the 
carbamazepine concentrations recorded at the WTP and in tap water 
in Bloemfontein in the autumn. This result also suggests significant 
concentration spikes, indicating a need for a high sampling frequently to 
obtain a reliable insight into the level of this CEC in drinking water.

Conclusion
During this analysis, a method was developed to determine atrazine, 
terbuthylazine and carbamazepine quantities in drinking water. A qualitative 
analysis identified 29 potential CECs (Table 4). Importantly, the critical CECs 
identified during preliminary analyses were also part of the subsequent 
qualitative list of CECs. Quantification of atrazine, terbuthylazine and 
carbamazepine revealed no immediate health risks, since all concentrations 
were below the published thresholds.

Although the concentration levels were below published maximum 
contaminant level thresholds, the range of CECs routinely detected in 
drinking water, and the large geographical and seasonal variability that 
we observed, suggest that a qualitative survey and quantitation of select 
CECs should be performed more frequently to have a current view of the 
presence of levels of CECs in drinking water that may impact on human 
health. Also, with an increase in the pressure on water health as this 
resource in increasingly being utilised, the introduction of such a CEC 
monitoring programme becomes essential to ensure the production of 
healthy and safe drinking water for the consumer.
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