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3. Background 

Clean drinking water is essential. Although 71% of the global population are considered to have 

access to safe drinking water, non-contaminated drinking water cannot be taken for granted; also 

bottled water and tap water in industrialized countries can be severely contaminated. This review 

paper summarizes the findings from the recent literature on drinking water contamination by an- 

thropogenic sources, viz. chemicals (emerging pollutants) and their degradation products, which 

can also have disadvantageous effects even at very dilute concentrations. Approx. 1000 compounds 

are known to be present in drinking waters, at concentrations starting at the ng/L range. Advances 

on analytics have allowed us to witness now an alarming trend of contamination in drinking water. 

Not all contaminants are regulated, and more research is needed. Protection of water resources and a 

careful selection of drinking water sources has become more critical in recent years and will continue 

to be of utmost importance in future. 

The EU Directive 98/83/EC defines 'water intended for human con- 

Planet Blue is covered to more than 70% by oceans. Freshwater 

makes up no more than 2.5% of Earth’s total water, and fresh and 

unpolluted water accounts for less than 0.003% of the total globally 

available water [1]. 

Human activities have threatened the groundwater quality because 

of inadequate collection, treatment, and disposal of solid and liq- 

uid wastes [2] and various activities such as fertilizer (over) use. 

Drinking water is our most important comestible. We cannot live 

without it. Each human needs on the order of 2-5L/day and 1-2 

orders of magnitude more are typically consumed. Since only a 

fraction of potable water is used for drinking and cooking, huge 

amounts of valuable pure water are wasted in some parts of the 

world, e.g. for irrigation, where also less qualitative water (grey wa- 

ter) could be used. Not everybody has access to fresh and unpollut- 

ed water, which is a huge - and often deadly - concern. According 

to the WHO, health risks may arise from consumption of water 

contaminated with infectious agents, toxic chemicals, and radio- 

logical hazards. Improving access to safe drinking-water can result 

in tangible improvements to health [3]. 

Protecting the integrity and quality of our water resources has be- 

come one of the most essential environmental tasks [4]. 

sumption' as 'all water either in its original state or after treatment, 

intended for drinking, cooking, food preparation or other domestic 

purposes, regardless of its origin and whether it is supplied from a 

distribution network, from a tanker, or in bottles or containers', and 

'all water used in any food-production undertaking for the manufac- 

ture, processing, preservation or marketing of products or substances 

intended for human consumption unless the competent national au- 

thorities are satisfied that the quality of the water cannot affect the 

wholesomeness of the foodstuff in its finished form' [5]. 

On the one hand, huge efforts have been taken in the last decades 

to provide access to clean drinking water for all people in the 

world, and the fraction of uncatered-for humans could be pushed 

back successfully. On the other hand, a novel water crisis has start- 

ed to emerge. Climate change [6] is considered to have an impact 

on drinking water availability and security [7]. In the news, one 

can witness countless reports on water shortage [8] also in well-de- 

veloped economies, for instance the 2018 Cape Town water crisis 

[9], which could be averted 90 days before water shutdown “Day 

Zero”, or the 2014/2015 Flint water crisis in the US [10], where cost 

cutting measures had caused drinking water to be contaminated 

by bacteria and dangerous levels of lead. Other water-stressed cit- 

ies are Sao Paulo/Brazil (settlements close to reservoirs), Beijing/ 
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China (huge population), Cairo/Egypt (infrastructure), Bangalore/ 

India (low water conservation), Jakarta/Indonesia (lack of infra- 

structure upgrades), and Moscow/Russia (Soviet-era pollution and 

unmonitored dumping) [11]. Some countries are more at risk than 

others to suffer from water crises, see (Figure 1) below. 

 

                      

Figure 1: Countries at high risk for a water crisis. Source: [12]. Compare also the “Water Scarcity Clock” [13]. 

Water scarcity can be either physical (absolute) water scarcity or 

economic water scarcity. It arises from the fact that freshwater re- 

sources are limited, and that the human population is a) exploding 

and b) using water very inefficiently. For instance, the production 

of one hamburger uses up 2400 liters of water [14]. 

Symptoms of physical water scarcity include environmental deg- 

radation and declining groundwater levels. It  is more difficult    

to solve, if at all possible, than economic scarcity. Water use has 

grown at more than twice the rate of population increase in the last 

century [14], and valuable water resources are being exploited and 

depleted. This fact has not gone unnoticed, and already in 1993, 

the U.N. General Assembly has designated March 22 as World Wa- 

ter Day [15]. Today, 29% of the world does not have access to safe 

drinking water [16]. Unsafe water sources are known to be respon- 

sible for 1.2 million premature deaths per year (which corresponds 

to 2.2-6% of all deaths), and it has been a huge concern that unsafe 

water is one of the world’s largest health and environmental prob- 

lems, especially for the poorest countries in the world [16]. 

Key facts put together by the WHO are [17]: 

“In 2017, 71% of the global population (5.3 billion people) used a 

safely managed drinking-water service – that is, one located on prem- 

ises, available when needed, and free from contamination. 

90% of the global population (6.8 billion people) used at least a basic 

service. A basic service is an improved drinking-water source within 

a round trip of 30 minutes to collect water. 

785 million people lack even a basic drinking-water service, includ- 

ing 144 million people who are dependent on surface water. 

Globally, at least 2 billion people use a drinking water source contam- 

inated with faeces. 

Contaminated water can transmit diseases such diarrhoea, cholera, 

dysentery, typhoid, and polio. Contaminated drinking water is esti- 

mated to cause 485 000 diarrhoeal deaths each year. 

By 2025, half of the world’s population will be living in water-stressed 

areas. 

In least developed countries, 22% of  health care facilities have no 

wa- ter service, 21% no sanitation service, and 22% no waste 

manage- ment service.” 

Clean water is an explicit and pivotal part of the UN sustainable de- 

velopment goals (SDG) [18], as Goal 6: “Ensure access to water and 

sanitation for all”. Subgoal 6.1 reads “By 2030, achieve universal and 

equitable access to safe and affordable drinking water for all” [18]. 

Without water, education and other highly relevant aspects vanish 

in importance, as water is so crucial for our lives. 

Water as such is available abundantly on earth, for drinking, sanita- 

tion, crop irrigation, etc. It is through manmade pollution that vast 
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amounts have been rendered unusable. 

China, now the world’s most populous country, once emerged as 

one of the world's first civilizations, in the fertile basin of the Yellow 

River. Today, the important water resources are in bad shape. Al- 

most 90% of underground water in cities is reported to be inflicted 

by pollution, as are 70% of China's rivers and lakes [19]. In 2007, 

the head of China's national development agency said that one 

quarter the length of China's seven main rivers were so poisoned 

the water harmed the skin [20]. This is just one example. 

"There is a water crisis today. But the crisis is not about having too 

little water to satisfy our needs. It is a crisis of managing water so 

badly that billions of people - and the environment - suffer badly." 

(Table 1) World Water Vision Report [21]. 

Nitrate [23, 24] concentration of more than 45 mg/L in drinking 

water can lead to human and animal health issues [2]. 

For bacteria in bottled water, see [25, 26], and for mould growth 

[27]. Water dispensers can exhibit growth of bacteria when not be- 

ing well-maintained [28]. 

According to a report by the World Economic Forum, the water 

crisis is the number four global risk with regard to impact to so- 

ciety [29]. 

By 2025, two-thirds of the world’s population may face water short- 

ages. And ecosystems around the world will suffer even more [30]. 

Water shortage is and will be no local phenomenon, but a global 

 
challenge in the very near future. 

4. Drinking Water Supply 

Drinking water can be obtained from municipal supply, small- 

scale supplies or from domestic drinking water wells. Private Wells 

supply 44million people in the US and are also quite common on 

a global level [31]. In the EU, the largest population depending on 

their own wells is in Finland [32]. Small-scale water supplies are 

the backbone of water supply in rural areas in the entire pan-Euro- 

pean region [33]. 

While public drinking water supply is managed and subjected to 

strict controls, small-scale water supplies are often not regulated or 

regulated differently compared to larger supplies [33]. Private wells 

need no monitoring at all, and so domestic drinking water wells 

can become contaminated in an unnoticed way, for instance from 

septic tanks close by [31]. A main reason for the risk of private 

wells is that they tend to be shallow. Often, their contamination 

exceeds drinking water standards [31]. 

(Figure 2) shows the results of a study on 20 domestic drinking wa- 

ter wells in a sand and gravel aquifer on Cape Cod, Massachusetts, 

USA, for organic wastewater compounds (OWCs) and for inorgan- 

ic markers of septic system impact. 27 OWCs, including 12 phar- 

maceuticals, five per- and polyfluoroalkyl substances (PFASs), four 

organophosphate flame retardants [34], and an artificial sweetener 

(acesulfame) were detected. The maximum concentrations of sev- 

eral PFASs and pharmaceuticals were found to be relatively high 

compared to public drinking water supplies in the US. 
 

             
 

Figure 2: OWC (organic wastewater compounds) concentrations in 20 domestic wells on Cape Cod/US (PFASs = per- and polyfluoroalkyl substances). Horizontal 
gray lines indicate method detection limits. Source: [31] 
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An examination over the entire USA in 2006 found exceedances 

of drinking water standards in 8.4% of wells for nitrate and 11% of 

wells for arsenic [35]. 

For private wells in Canada, it was recommended to routinely test 

these wells for contamination, and to use treatments to eliminate 

bacteria [36]. 

Perfluorinated compounds in private wells in Germany were re- 

ported in [37, 38], copper and lead in Australia [39], and man- 

ganese in Costa Rica [40], or PAHs (polycyclic aromatic hydro- 

carbons) and BTEX (benzene, toluene, ethylbenzene, xylenes) in 

Ecuador [41], all in vicinity of respective contaminating activities 

such as banana plantations or oil activities, to cite but a few exam- 

ples. 

5. Labelling of Drinking Water 

EU Directive 2009/54/EC has established rules on the exploitation 

and marketing of natural mineral waters, which are defined as 'mi- 

crobiologically wholesome water […] originating in an underground 

water table or deposit and emerging from a spring tapped at one or 

more natural or bore exits'. The Directive also includes certain la- 

belling requirements in addition to the general labelling rules for 

foodstuffs of Regulation (EU) 1169/2011, such as the analytical 

Table 1: Most common contaminants in water. Source: [22] 

composition, the name and place of the spring of origin, and infor- 

mation on any of the permitted treatments. 

The term spring water should be used for water that 'is intended for 

human consumption in its natural state and bottled at source' and 

which fulfils the various criteria and conditions described in Dir. 

2009/54/EC. Effervescent mineral waters instead can be divided in 

naturally carbonated mineral water, natural mineral water fortified 

from gas from the spring, or carbonated mineral water in which 

the added carbon dioxide is of a different origin from the water 

source [5]. 

The European Commission has also authorized health claims in re- 

lation to water intake (EU Register on nutrition and health claims), 

referring to maintenance of normal physical and cognitive func- 

tions as well as body temperature. In order to bear the claims, in- 

formation shall also be given to the consumer that at least 2 litres of 

water, from all sources, should be consumed per day [5]. 

6. Drinking Water Consumption 

In general, it is recommended to drink 1.5 to 2 l of water per day 

[5]. The demand varies depending on outside temperatures, activi- 

ty level, etc. (Table 2) below shows actual drinking water consump- 

tion values by the example of Austria. 

 

Parameter Occurrence Health Significance Limit Value 

Non-biological   

Ammonia Results in microbiological activity 
Irritations to eyes, nose and throats, non-deadly threats to 

human 
0.5mg/L 

Arsenic Dissolution of minerals from industrial Very toxic to humans, high risk of skin cancers 10μg/L 

Barium Natural occurring chemicals Painful swallowing, ulcer 5μg/L 

Boron Natural occurring chemicals, leach of rocks and soil Kidney failure, depression 0.5mg/L 

Chlorine Industrial effluents Toxicity to humans, hazardous 5mg/L 

Chromium Industrial Processes Skin irritation, damage kidney, liver 10μg/L 

Cadmium Sediments of rock and soil 
Hazardous to human, effect respiratory system and bone 

disease 
3μg/L 

Lead Leaching from ores, attack on water pipes Toxic cumulative poison 10mg/L 

Mercury Normally from industrial waste very toxic, human fatal 1μg/L 

Nickel Chemical used in water treatments Cancer of lungs and nose 20μg/L 

Nitrate Presence from agricultural activities Risk of lifetime cancer 3mg/L 

Sodium Natural waters, abundant of rocks and soil High-blood pressure, heart diseases 200mg/L 
 

Biological    

Cryptosporidium Present in human and animal waste Infections, fever, stomachache, diarrhoea 630mg/L 

Escherichia coli Sewages and similar waste Pathogenic Properties, effect human health 10CFU/ml 

Giardia Present in human and animal waste Effect human health, rarely fatal 10cysts/L 

 
 

Legionella 

 
 

Sediments of water 

 
Risk of Legionnaire's disease and Pontiac fever 

 
 
100CFU/mL 

Pesticide Agricultural discharges, spillages Eyes and ears infection 0.1g/L 

Pseudomonas Abundant in sewage Hypertension if taken excess 500CFU/mL 
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Table 2: Austrian study on nutritional status (ASNS 2008), sub study on water consumption in a 1-day-drinking protocol. Source: [5]. 
 

Age group 
Drinking water intake (mean unless otherwise 

indicated)ml/d 
Total non-alcoholic beverage intake (mean unless otherwise 

indicated)ml/d 
 Males Females Males Females 

17-30 1573 1335 2543 2395 
31-45 1476 1497 2383 2558 
46-64 1281 1297 2120 2262 
65-81 1610 1762 2236  

 

7. Bottled Water: Natural Mineral Water and Spring Water 

Bottled water is available in different types, carbonated and non-

carbonated (still). 

The global bottled water consumption is on the order of 300 billion 

liters per year [42]. 

Medicinal water and flavored water, just as (carbonated) soft 

drinks, are excluded from the considerations made here. One can 

distinguish between mineral waters as: waters with a very low min- 

eral content, waters low in mineral content, waters with a medium 

mineral content, and strongly mineralized waters. Another classi- 

fication based on ion composition is: bicarbonate waters, sulfate 

waters, sodium chloride or saltwater, sulfurous waters. Based on 

their biological activity mineral waters can be grouped as: diuretic 

waters, cathartic waters, waters with antiphlogistic properties [43]. 

The use of spring water for nutrition and bathing and drinking can 

be traced back to Roman times, and several springs that were ex- 

ploited in ancient times are still in use in our times [44]. 

Packaged Spring Waters (SPW) and Natural Mineral Waters 

(NMW) can be clearly distinguished from ordinary drinking water 

by their protected groundwater origin and by the fact they are not 

subjected to any treatment to remove contaminants of human ori- 

gin nor to any disinfection (Directive 2009/54/EC) [42]. 

The demand for bottled water has increased steadily over the   

last decades in virtually all areas of the globe. A trend fostering 

increased bottled water consumption is urbanization [45]. “City 

people” tend to prefer bottled water because it is associated with 

being natural [46], and because they often object to unpleasant 

tastes and odors from municipal water supplies in many areas of 

the world [47]. Also, bottled water is commonly seen as being safer 

and healthier than tap water [48]. There is also a common belief 

that natural (spring) waters have beneficial health effects [49]. 

Each country has dozens or hundreds of different bottled (mineral) 

water brands, with different market approaches. Also, their compo- 

sition varies, often significantly. 

Study [50] has compared 189 Turkish bottled water brands by their 

chemical composition. The differences were attributed to the wa- 

ters’ natural environment (geologic formations, climate, topogra- 

phy, etc.) and their varying is further modified by the treatment 

technologies (disinfection and purification) carried out by bottled 

water manufacturers during the production. Bottled water is pro- 

duced for domestic consumption or for export. 

Mineral waters containing sulphur compounds can have beneficial 

health effects [51] and [52]. 

8. Bottled Water and Quality 

“Many consumers buy bottled water on the assumption that it’s safer 

than what flows out of their tap. That has helped fuel the growth 

of the bottled water industry, which reached $31 billion in sales in 

2018. Forty percent of Americans believe bottled water is safer than 

tap” [53]. 

In a scientific study [54], that assumption could be confirmed for 

microbial contamination. Packaged water was less likely to contain 

fecal indicator bacteria compared to other water sources used for 

consumption. However, also bottled water can be contaminated 

[53], as well as tap water intended for human consumption. 

Quality monitoring is typically performed on samples in the lab- 

oratory. Some parameters can be measured instantly, such as pH, 

while microbiological results can take up to a day or more. (Table 

3) lists parameters that can be measured online. 

For online and near-real-time methods in microbiology, see [55]. 

Table 3: Parameters for online water quality monitoring. Source [22]. 
 

Category Water Quality Parameter 

Physical 
Turbidity, color, conductivity, hardness, 

temperature 

Inorganic 
pH, disinfactants, metals, fluoride, 

nutrients 

Organic TOC, hydrocarbons, VOCs, pesticides, DBP 

Biological Algae, protozoa, pathogens, BOD 

Hydraulics Flow, pressure 

9. Analytical Chemistry 

Analytical techniques have become more and more sensitive over 

the years, and today minute amounts of contaminants can be de- 

tected, up to single molecule detection [56], [22]. 
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Detection limits are commonly at sub ng/l levels, e.g. at 0.02 ng/L 

for PFHxS (perfluorohexane sulfonate) and 0.85 ng/L for PFOA 

(perfluorooctanoic acid) [57, 58], two emerging pollutants [59] 

(see below). 

10. Drinking Water Contamination 

Drinking water can become contaminated chemically and/or bio- 

logically through different routes, see (Figure 3) and compare [60]. 

While  (ground)  water  can  contain  various  substances  such as 

heavy metals naturally, anthropogenic influences are common to 

cause pollution. There is “typical” pollution such as lead (e.g. from 

old plumbing installations), but drinking water may also contain 

(low levels of) Micro Pollutants (MP) and disinfection by products 

(DBP) [62]. The latter can form from organic and inorganic matter 

contained in the raw water (e.g. humic acids) [63] and transformed 

by treatment processes such as UV irradiation or chlorination. 

Chlorine, chloramine and ozone were reported to form DBP. There 

are hundreds of known DBP, and they are ubiquitous [62]. 

 

                 
 

Figure 3: Pathways for emerging pollutants (EP) and impacts; DWT = drinking water treatment; WWTP = waste water treatment plant. Source: [61] 
 

In 1974, chloroform was detected and identified as the first disin- 

fection byproduct (DBP) in chlorinated drinking water [62]. 

Also, so-called micro pollutant transformation products (TP) can 

form during water treatment with disinfectants and during other 

advanced oxidation processes [64]. 

Pharmaceuticals, together with  their  metabolites/transforma- 

tion products, mainly enteraquatic environments via the effluents 

of municipal waste water treatment plants, discharges of sewage 

sludge, livestock waste, and aqua culture activities [65]. 

Also, cytostatic drugs from cancer treatments have emerged as 

novel water contaminants [66]. 

The literature has suggested to use in vitro bioassays [67-71] or   

a cell-based metabolomics approach [72] for analysis due to the 

complex mixture of trace chemicals in drinking water where a tar- 

geted chemical analysis alone is not considered sufficient for mon- 

itoring [73]. 

(Figure 5) gives an insight into typical contamination. 
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Figure 4: Transformation pathways of pharmaceutical products (PPs; PC: parent compound, M: Metabolite(s), TP: Transformation Product(s), WWTP: Waste 
Water Treatment Plant; DWT: Drinking Water Treatments). Source: [60]. 

 

                                                  
 

Figure 5: Sum chemical concentration detected in each country (nM) by chemical class excluding hormones (left axis) for treated wastewater, surface water, 
drinking water and ultrapure water, with sum hormone concentration (right axis) for treated wastewater and surface water. Note different y-axis scales in each 
figure. Source: [68]. 
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As for the Micro Pollutants (MPs), one also speaks about Emerging 

Pollutants (EPs) [59], Contaminants of Emerging Concern (CECs), 

Priority Pollutants (PPs), Persistent Toxic Substances (PTS) or Sub- 

stances of Very High Concern (SVHC) [61]. These substances have 

deleterious health effects on humans, and they are persistent in the 

environment. Pesticides, pharmaceuticals, personal care products, 

detergents, disinfection by-products, drugs, flame-retardants are a 

few examples of EPs [61]. 

Pharmaceuticals are so-called “pseudo-persistent” contaminants 

in aquatic environments [65]. Pharmacologically active substances 

in the water environment are mostly derived from pharmaceuti- 

cals for human use, including prescription drugs, over-the-counter 

drugs, as well as veterinary drugs [74]. 

In 1995, the United Nations Environment Programme had an ini- 

tial focus on what became known as the “Dirty Dozen”, a group of 

12 highly persistent and toxic chemicals: aldrin, chlordane, DDT, 

dieldrin, endrin, heptachlor, hexachlorobenzene, mirex, polychlo- 

rinated biphenyls, polychlorinated dibenzo-p-dioxins, polychlori- 

nated dibenzofurans, and toxaphen. By now, additional substances 

such as carcinogenic polycyclic aromatic hydrocarbons (PAHs) 

and brominated flame-retardants, as well as organometallic com- 

pounds such as tributyltin (TBT) have been added to the list of 

EPs [75]. 

Sources of EP include the improper use and/or disposal of agro- 

chemicals and industrial chemicals and unwanted by-products of 

industrial processes or combustion. EPs areeco-toxicological and 

bio-accumulative, and due to their lipophilic nature, the concen- 

trations in fatty tissue can become magnified by up to 70 000 times 

higher than the background levels [75]. 

The Norman Network, a network of reference laboratories, re- 

search centres and related organizations for monitoring of emerg- 

ing environmental substances [76] defined EPs as substances de- 

tected in the environment but currently not included in routine en- 

vironmental monitoring programmes but with adverse effects and/ 

or persistency. More than1000 substances, gathered in 16 classes 

(algal toxins, antifoaming and complexing agents, antioxidants, 

detergents, disinfection byproducts, plasticizers, flame retardants, 

fragrances, gasoline additives, 

nanoparticles, perfluoroalkylated substances, personal care prod- 

ucts, pharmaceuticals, pesticides, anticorrosives), are classified as 

EPs [61]. The European Environmental Agency considers that EPs 

should be closely monitored as concentrations and effects, since 

they are increasingly being found in water bodies across the EU 

[61]. Common plasticizers are phthalates. In an Iranian study, it 

was found that the phthalate levels of drinking water significantly 

increased by contact of hot water with disposable plastic and paper 

cups and by sunlight exposure of bottled water [77]. 

Standard water purification technologies are not suitable to re- 

move EPs. There are, however, advanced drinking water treatment 

(ADWT) techniques, see (Table 4): 

Since most POPs are non-polar, the application of filters, such as 

activated carbon filters, has resulted in a significant decrease in 

their presence [78]. Today, it is the polar pollutants which are more 

problematic. Pharmaceuticals, Personal Care Products (PPCPs) 

and Endocrine Disrupting Chemicals (EDCs) are polar, and their 

removal is insufficient both in waste water treatment and drinking 

water production plants [78]. 

The formation of MP, TP and DPB in drinking water is depicted 

schematically in (Figure 6) below. 

In (Figure 6), BEQ stands for the bio analytical equivalent concen- 

tration, which relates the effect of a sample to the concentration of 

a reference compound that would elicit the same responseas the 

mixture of chemicals in the tested water sample [64], [67]. 

In a study on the transformation of Endocrine Disrupting Chem- 

icals (EDC), Pharmaceutical and Personal Care Products (PPCPs) 

during drinking water disinfection [63], it was found that EDCs 

and PPCPs do produce a large number of TPs, but these are un- 

likely to increase specific toxicity (e.g., endocrine activity), but may 

result in increased reactive and non-specific toxicity. 

For perchlorate, as an example of a substance of concern where no 

limits have been set yet, see [79] and [80]. 

Some EP in drinking water are known or suspected Endocrine Dis- 

rupting Compounds (EDCs), but EDCs are not routinely measured 

[81]. Pesticides, for instance, are suspected to be such EDCs, and 

they were found in US (Iowa) drinking water samples [81]. EDCs 

[82], [71] encompass Polycyclic Aromatic Hydrocarbons (PAHs), 

Polychlorinated Biphenyls (PCBs), Polybrominated Biphenyls 

(PBBs), dioxins, furans, alkylphenols(APs), Pharmaceuticals And 

Personal Care Products (PPCPs), and pesticides [83]. 

Endocrine disruptors [84] are chemicals that may interfere with 

the production or activity of human hormones. Exposure to en- 

docrine disruptors can cause cancer or an increased risk of cancer, 

changes in the development and behavior of infants and children, 

changes in reproductive organs and function, infertility, endome- 

triosis, disturbances in the immune and nervous system functions, 

heart disease/stroke and asthma [85]. (Table 5) gives an overview 

of EDCs. 
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Table 4: Overview of EP removal possibilities by ADWT at pilot and full scale. Source: [61]. 

 

Treatment processes Eps class target Removal efficiencies 

Single processes Ozonisation Pharmaceuticals >98% 

UV-photolysis Pharmaceuticals 30-70% 

Nanofiltration Pharmaceuticals 15-100% 

GAC adsorption Mix of 30 Pharmaceuticals, pesticides 20-50% as DOC 

Combined processes Dioxychlorination, coagulation/flocculation, 
sand filtration, ozonation, carbon filtration, and final disinfection with 
chlorine 

 

Pharmaceuticals and drugs of abuse 

 

>98% 

coagulation, ultrafiltration, and GAC filtration Pharmaceuticals, hormones, antibiotics and flame retardants 99% 

UV-pre-disinfection, filtration, nanofiltration, reverse, osmosis, 
reminerelization and chlorine disinfection 

Pharmaceuticals >85% 

Chlorine, coagilation/flocculation, sedimentation, filtration, chloramine, 
ozonation, GAC filtration, chlorine disinfection 

Drugs of abuse 89-100% 

Chlorine, coagilation/flocculation, filtration, ozonation, granular 
activated carbon, final chlorination 

Drugs of abuse 88-100% 

Coagilation/flocculation, filtration and final chlorination Drugs of abuse 0-18% 

Filtration, coagilation/flocculation and final chlorination 
Pharmaceuticals, flame retardants, plasticizers, biocides, 
pesticides, herbicides, UV filters 

>60% 

Coagilation, flocculation, sedimentation, rapid sand filtration, 
ozonisation, two-step GAC filtration and Ultraviolet disinfection 

Pharmaceuticals 51-95% 

Advanced oxidation Pharmaceuticals >99% 

Ultrafiltration and nanofiltration Estrogens >90% 

Photocatalysis and solar photolysis Pharmaceuticals 66-82% 

 

UV/H2O2 integrated into an existing full scale plant 

 

10 pesticides, Pharmaceuticals, Microorganisms 
60-98% 
67-98% 
100% 

Ultraviolet -photolysis Pharmaceuticals 80% 

Dioxychlorination, coagulation/flocculation, setting, sand filtration, 
ultrafitration, ultraviolet disinfection, reverse osmosis and 
remineralization 

 

perfluorooctane sulfonate (PFOS)/perfluorooctanoate 

 

≥99% 

                 

                      
 

Figure 6: Overview of chemicals potentially present in source water and treated drinking water with the solid arrows indicating the formation of new chemicals after 
treatment. Comparison of bioanalytical equivalent concentrations before treatment (BEQbeforetreatment) and after treatment (BEQafter treatment) can shed light 
on treatment efficiency and disinfection by-product (DBP) formation. Source: [64]. 
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Table 5: Respective usage of different groups of EDCs. Source: [83]. 

 

                      
 

In [86] pharmaceutical residues in drinking water from Putrajaya 

(Malaysia) were studied. Previous comparable studies had focused 

on developed/industrialized countries. Amoxicillin, caffeine, 

chloramphenicol, ciprofloxacin, dexamethasone, diclofenac, ni- 

trofurazone, sulfamethoxazole, and triclosan were investigated in 

drinking water. On the highest level, up to 0.38 ng/L of caffeine 

were detected, and atthe lowest concentration, that of diclofenac, 

still 0.14 ng/L were found. 

The authors of [87] determined pesticide occurrence in Dutch 

groundwater and surface water sources used for drinking water. 

As a result, in the majority of drinking water sources, pesticides 

and/or metabolites were detected, also in concentrations above the 

water quality standard from the Water Framework Directive. Two 

neonicotinoids were detected in highest concentrations: acetami- 

prid (1.1 mg/L) and thiamethoxam (0.4 mg/L) [87]. 

Another study was done in Sweden, were in 2013 very high lev- 

els of PFOS and PFHxS were found in the drinking water from 

one of the two waterworks supplying the municipality of Ronne 

by [88]. Per- and polyfluoroalkyl substances (PFAS) are extremely 

persistent manmade substances. 
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A study in Brazil has looked at the presence of pharmaceuticals 

from different therapeutic classes in six Drinking Water Treatment 

Plants (DWTPs) in Minas Gerais state [89]. From the 28 pharma- 

ceuticals analyzed, 18 were detected in the surface water source at 

concentrations between Method Quantification Limit (MQL) and 

11,960 ng/L, and still at up to 6,323 ng/L in drinking water. 

Betamethasone, Fluconazole, Atorvastatin and Prednisone were 

the most detected pharmaceuticals. Conventional DWTPs were 

not able to remove the pharmaceuticals completely [89]. 

What is special about Brazil in this case is that many cities do not 

have Wastewater Treatment Plants (WWTPs), and domestic sew- 

age hence directly enters water bodies. 

Bisphenol A, a well-known EDC, in drinking water from PET and 

glass bottled water samples of diverse trademarks and origin pur- 

chased in Riyadh/Saudi Arabia, was measured by [90]. 

It was found that PET bottled samples contained lower amounts 

of BPA ranging from 0.29 μg/L to 24.88μg/L, whereas glass bottled 

samples contained higher amounts of BPA that ranged from 4.34 

μg/L to41.19 μg/L. 

In Hong Kong, benzophenones (BPs) and other Ultra Violet (UV) 

filters used in sun block and other personal care products were de- 

tected in tap water and distilled bottle water, with detection rates 

of 100% and geometric means of 9.64 and 14.5 ng/L, respectively 

[91]. A toxicological risk assessment of EP in drinking water was 

done for 163 substances, out of 686 chemicals present in surface 

water, groundwater and/or drinking water, and for 39 of which 

only (statutory) drinking water guideline values had been report- 

ed. Based on measured concentrations it was concluded that the 

majority of substances do not occur in concentrations which indi- 

vidually pose an appreciable human health risk. A health concern 

could however not be excluded for vinylchloride, trichloroethene, 

bromodichloromethane, aniline, phenol, 2-chlorobenzenamine, 

mevinphos, 1,4-dioxane, and nitrolotriacetic acid [92]. 

In a French study [42], 40 bottled waters were tested. No phthalate, 

hormone or pharmaceutical substances were quantified; however, 

11 samples showed contamination at the low-ng/L level of herbi- 

cides or their metabolites, 6 samples contained PFAS (perfluoroal- 

kyl substances) and 2 of them APs (alkylphenols). 

In another study [121], drinking water in Eastern China was as- 

sessed for toxicological and chemical status. Particularly for Huai- 

he River water, an urgent need for advanced drinking water treat- 

ments was established. 

In [93], researchers looked for EP in 21 wells from the drinking 

water network of Milan/Italy. Thirteen EP were detected in the low 

ng/L range in approx ½ of the wells. Pharmaceuticals, perfluorinat- 

ed substances, personal care products, and anthropogenic markers 

were most frequently detected [93]. 

In the Netherlands, an industrialized country, it was found that  

15 industrial waste water treatment plants had a high impact on 

drinking water production [94]. 

In a Spanish study [95], nicotine was detected in concentrations 

between 7 ng/Land 15 ng/L in 5 of 10 bottled mineral waters. Al- 

though the concentration is low, the mere presence raises concerns, 

and the authors concluded that more research is needed particular- 

ly with regard to vulnerable people such as newborns or pregnant 

women. 

For migration of contaminants from the packing into bottled wa- 

ter, see [96-98]. 

For an approach of prioritizing anthropogenic chemicals in drink- 

ing water, see [99]. 

11. Significance of EP Contamination 

EP in drinking water, from tap or bottle, will give a feeling of un- 

ease to consumers, but there is even more to it. 

Contaminants of Emerging Concern (CECs) in the environment 

can lead to undesired ecological and human health effects such as 

endocrine disruption, behavioral alteration, and antibiotic resis- 

tance [100]. 

In [101], the effect of contamination by manure on the drinking 

behavior of cows was studied. In that work, clean (tap water) and 

water contaminated with either 0.05 mg (low) or 1 mg (high) fresh 

manure/g water were administered to cows [101], and a clear pref- 

erence to drink clean water was found. That study highlighted the 

importance of providing cattle with clean drinking water. Anoth- 

er study on the consumption of drinking water contaminated by 

N-nitrosamines was found to alter the gut micro biome and to in- 

crease the obesity risk in young male rats [102]. 

Trace contaminants are not always harmless. In a recent study 

[103] of atrazine, the most commonly used herbicide in the U.S. 

and a wide-spread groundwater contaminant; it was found that ex- 

posure, at levels below the US EPA MCL (Maximum Contaminant 

Levels), was associated with increased menstrual cycle irregularity. 

Also, the long-term consumption of drinking water containing low 

or trace levels (ng/L or mg/L) of DBPs is suspected to have chron- 

ic adverse effects on human health, potentially leading to bladder 

cancer, colorectal cancer, birth defects, amongst other effects [62]. 
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Typical EP concentrations in drinking water can be at the ng/L lev- 

el and do not pose a direct risk for consumers [78]. “Nevertheless, 

the influence of pharmaceutical mixtures is still unknown and there 

are gaps in risk assessments of long-term and low-level exposure to 

pharmaceutical residues“[78]. 

12. Treatment of Water to make it Potable 

On the one hand, we see a growing presence of emerging pollutants 

in the aquatic environment, and it is known that they cannot be 

removed by conventional water and/or wastewater treatment pro- 

cesses. New solutions are needed. 

In [104], the removal of pharmaceuticals and personal care prod- 

ucts by two-stage biofiltration for drinking water treatment was 

discussed. 

The most effective treatment steps were peroxidation and chlora- 

mination, and up to 99.8% for all target compounds could be elim- 

inated [105]. 

In a Spanish study [106], the presence of fifty-five pharmaceuticals, 

hormones and metabolites in raw waters used for drinking water 

production and their removal through different drinking water 

treatment processes (prechlorination, coagulation, sand filtration, 

ozonation, granular activated carbon filtration and post-chlori- 

nation) were studied. Thirty-five out of fifty-five drugs were de- 

tected in the raw water at the facility in take with concentrations 

up to 1200 ng/L. The most difficult-to-remove compounds were 

the pharmaceuticals phenytoin, atenolol and hydrochlorothiazide, 

which could be detected in finished waters at concentrations of ap- 

prox. 10 ng/L. Sotalol and carbamazepine epoxide were found still 

at concentrations of 2 ng/L in the final water for consumption. Re- 

moval rates of these 5 chemicals were approx. 95% [106]. The key 

finding from that study is that we see an incomplete degradation 

or incomplete removal of EP in the potabilization process [106]. 

[122] suggests that a combination of biological, chemical and phys- 

ical treatment be applied to effectively reduce the concentration of 

EDCs, PhACs (pharmaceutically active compounds), and artificial 

sweeteners. 

Ozonation was found to exhibit the highest removal efficiency for 

PPCPs and EDCs [107], compare (Figure 7). 

 

    
 

 

Figure 7: Fractional removal of individual PPCPs and EDCs by (i) pre-ozonation + flocculation + sedimentation, (ii) intermediate ozona- 
tion, and (iii) filtration + chlorination at the DWTP (Drinking water treatment plant). Source: [107]. 
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Figure 8: Box and whisker plot showing median and variation in micro plastic number concentrations in individual samples taken from different water types. 
Data relate to individual samples unless only means were reported, in which case the mean value was taken into account n times, with n being the number of 
samples which the mean was based on. Source: [109]. 

13. Micro Plastics 

Micro plastics are small pieces of plastics which pollute the envi- 

ronment. The US National Oceanic and Atmospheric Adminis- 

tration (NOAA) define micro plastics as fragments below 5mm in 

length. One can distinguish between primary micro plastics par- 

ticles, e.g. microfibers from clothing or micro beads from tooth 

pastes, and secondary micro plastics particles, which are formed 

e.g. in the sea by attrition of larger plastics objects. Micro plastics 

particles can be virtually any type of polymer [108]. To date, more 

than 50 studies providing concentration data for micro plastics in 

drinking water or its freshwater sources have been published [109]. 

Also, bottled water can be concerned [110, 111]. 

While polymers themselves are inert and, when ingested, travel 

through the human body without causing harm, micro plastics 

particles from the environment can be a serious health problem, 

because the micro plastics particles can carry large amounts of 

toxins into the body [112, 113]. Micro plastics particles produced 

from plastics water bottles e.g. through attrition will hence be of 

negligible influence to consumers. 

14. Mineral Content 

The human body needs minerals. Water from reverse-osmosis not 

enriched in minerals is considered disadvantageous for health. A 

study that investigated the effect of demineralized Direct Drink- 

ing Water (DDW) in schoolchildren found that low-mineral DDW 

may retard height growth and promote the incidence of dental car- 

ies in these pupils [114]. On the other hand, not all minerals in 

“natural spring water” are healthy. Natural concentrations of po- 

tentially harmful elements can be surprisingly high [115], and for 

many of them, maximum allowable concentration levels for drink- 

ing water have not been set [115]. One example of an often-unex- 

pected element in natural water is uranium [116-119]. 

15. Conclusion 

The power of analytical techniques has become astonishing, and 

minute quantities of virtually any compound can be detected - and 

often are detected as reviewed here in the case of emerging pollut- 

ants in mineral waters. Substances of concern, such as those with 

endocrine disruptive properties [84], [120], are not desired even in 

lowest quantities, and despite the absence of acute disadvantageous 

health effects from the single compound at ng/litre concentrations, 

consumers do not approve their drinking water to be laden with 

pesticides, hormones, etc., and their degradation products. Clean 

drinking water, on a global level, is a very limited, scarce resource 

which must be managed well, particularly in light of observations 

and predictions that such clean and potable water will continue to 

become less in future. Drinking water crises are pending in many 

areas of the world, and predictions that future wars might be about 

water rather than oil are becoming more likely. 

One can witness considerable variation in the quality of source 
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water for tap and bottled water production within geographical 

areas [115]. Therefore, one should carefully select water for drink- 

ing purposes vs. water for other purposes, and could consider a 

cascaded approach, using only the highest quality for drinking and 

cooking, medium quality water for e.g. crop irrigation and low-  

er quality, such as grey water, for other purposes such as cooling 

water, toilet flushing or washing in diverse industrial and private 

settings. Rain water could also be utilized to a larger extent than 

today. In any case, the scarce high quality drinking water resources 

are too valuable to be wasted for other purposes, since the pressure 

is still increasing due to increasing population and environmental 

pollution. Pure drinking water is one of our most valuable resourc- 

es and needs to be protected and used wisely. 

Natural mineral waters benefit from their natural geological pro- 

tection; the water bodies are not in contact with (polluted) surface 

waters, and transit times from infiltration to abstraction are very 

long, on the order of decades and beyond. They are the best choice 

for sensitive and health-conscious people. 
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