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Abstract
Emerging contaminants have been increasingly studied over the past decade
to improve the understanding of their fate, occurrence and toxicological effects on the environment and human health. Originally wastewater treatment
plants were not designed to remove these pollutants of emerging concern.
However, research is now focusing on determining which existing treatment
unit processes are suited to their removal. This research sets out to determine
suitable treatment options for thirty nine emerging contaminants including
various Pharmaceuticals and Personal Care products. The treatment options
used in this study are taken from a developed decision support tool (WiSDOM) which formulates wastewater trains/packages for treatment of wastewater in India. The tool also evaluates the performance of each optimal solution in terms of removal of conventional pollutants (such as biochemical oxygen demand, chemical oxygen demand, total nitrogen, total phosphorous,
faecal coliform etc.), using multi-objective genetic algorithms and multi-criteria decision analysis. An Excel Spreadsheet Program (ESP) was developed as an add-on to the tool, allowing the ESP to take an initial concentration of any of the thirty nine emerging contaminant and pass it through the
treatment trains (generated/selected by the WiSDOM tool) to determine the
removal efficiency. Three scenarios were developed to analyse the removal of
emerging contaminants in India. The scenarios were designed to capture the
influence of different socio-economic contexts and wastewater characteristics
on the treatment technology selection. The tool generated results suggest that
the use of constructed wetlands can remove a large proportion of emerging
contaminants, resulting in low energy requirements and operational costs and
wildlife habitats. However, the land requirement for this process is not always
suited to urban areas in India. Advanced oxidation processes were also efficient at removing emerging contaminants. However, the energy requirements
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for this process were high. Emerging contaminants have different physical and
chemical properties; therefore, future evaluations of each chemical should be
monitored separately to generate suitable technologies suited to optimal removal.

Keywords
Emerging Contaminants, Decision Support Tool, Pharmaceuticals, Personal
Care Products

1. Introduction
Emerging contaminants (ECs) (also known as emerging pollutants, micropollutants, emerging organic contaminants and contaminants of emerging concern)
[1] [2] [3], can be defined as naturally occurring, synthetic or anthropogenic
chemicals/substances which are not regularly monitored, and these substances
have a negative impact on the environment and on human health [4]. Other definitions also highlight the lack of monitoring of these substances and the unknown toxicity effects that they may have on the aquatic environment and towards human health. As of 2016, the NORMAN network with databases containing information on emerging substances, listed over 800 different ECs which
had been identified in European aquatic waters alone [5]. One of the earliest
sightings of ECs was recorded in 1965 [6], focusing its attention on steroid hormones found in the aquatic environment. Between 1965 and the 90’s further
publications appeared regarding pharmaceuticals and hormones as pollutants of
concern in the water [7] [8]. Pharmaceuticals, personal care products (PCPs),
and endocrine disrupting chemicals (EDCs) are the most common classed categories of ECs posted in the literature. However, ECs can also include steroid
hormones, surfactants, perfluorinated compounds (PFCs), flame retardants, industrial additives and agents, gasoline additives, illicit drugs, UV filters (used in
sunscreen products, cosmetics and creams) and nanomaterials [9] [10] [11].
Water pollution is continuously rising and a worldwide issue requires high levels
of monitoring. However, ECs are not regularly monitored due to a lack of controlling requirements, legislations, and high analytical costs [4]. Historically
these substances were not considered as pollutants. Therefore, treatment plants
were not designed to remove them, resulting in ECs being able to freely enter
freshwater and drinking water systems [12].
Sources of ECs can include pesticide application on agricultural land, parks
and gardens, urban infrastructure and also domestic, hospital and industrial
waste and wastewater [13] [14]. There are around 1433 different treatment
works within the UK [15] and the wastewater treatment plants act as a primary
source of entry for ECs to enter the aquatic environment. Hospitals are also an
important source for ECs which needs to be monitored as these can release a
range of substances such as disinfectants, pharmaceuticals, iodized contrast meDOI: 10.4236/jwarp.2018.104023
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dia and heavy metals. Pharmaceutical products are excreted into urine or feces
as a mixture of substances, which then travel to wastewater treatment plants
[16]. Treatment plants are known to be a primary source for ECs as they are ineffective at removing these pollutants due to insufficient technology.
There are many generic water quality policies put in place which focus on
priority (conventional) pollutants. However, there are no global policies regarding ECs [16]. The topic of ECs is a growing field; therefore, different projects
have been launched which are currently looking into a broad range of issues
surrounding ECs. For example, UNESCO-IHP initiative funded by the Swedish
International and Development Cooperation Agency (Sida) is covering case studies in 20 different countries such as: Australia, Brazil, China, Ethiopia, India,
Kenya, Kuwait, Mexico, Mongolia, Nigeria, Norway, Rwanda, Saint Lucia,
Thailand, Tunisia, Ukraine and Vietnam [3]. Inadequate funding for equipment,
detection and quantification of ECs has led to limited research on ECs in developing countries by governmental and environmental organisations [17]. Research which has been carried out in developing countries mainly focuses on the
lack of removal of pollutants produced by agriculture and the textile industry
[18].
India is currently one of the top pharmaceutical emerging markets in the
world, and one of the largest global providers of drugs accounting for 20% of
global exports. Proper waste management techniques do not exist in India, and
conventional treatment plants are inefficient at the removal of ECs with sewage
treatment plants discharging their effluent to rivers. Currently no official legislation revolves around ECs in India. However, there has been published papers
regarding concentrations of these contaminants in India [19] [20]. Gani and
Kazmi [21] provided the first review of most of the contaminants present in aquatic sources of India. Their analysis of the available data suggested that 57% of
the contaminants were pesticides, 17% were pharmaceuticals, 15% were surfactants, 7% were PCPs and 5% were phthalates. Moving forward the aim of the review was to act as a framework for any future research or regulatory initiatives
regarding monitoring of emerging contaminants in India. The Bureau of Indian
Standards is not currently addressing ECs [20]; therefore, it has become essential
for the creation of baseline data to act as a framework for any future research or
regulatory initiatives [22].
This study aims to analyse sustainable treatment technologies for the removal
of emerging contaminants in developing countries. The main objective of the
study involved integrating technology information and removal rates of ECs
with an existing decision support tool (WiSDOM) and a new Excel Spreadsheet
Program (ESP). The ESP was developed to work alongside WiSDOM [23], taking the treatment solutions produced for wastewater in India and using these to
calculate the removal of ECs and conventional pollutants in India. Due to the
ubiquitous types of ECs, a database was created with over 700 ECs. However,
thirty nine were chosen for this study relevant to India. Scenarios were develDOI: 10.4236/jwarp.2018.104023
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oped in India based on different regions throughout the country to test the application and functionality of the ESP and WiSDOM tool. The following sections
summarise the information which was collected, and the methodology used to
help create the ESP to calculate the most suitable treatment options.

2. Methodology
The overall aim of this paper is to present the application of an approach to
identify optimal treatment solutions for the removal of conventional and
emerging contaminants. This was achieved through the development of an Excel
Spreadsheet Program (ESP) and application in conjunction with an existing tool;
WiSDOM [23]. The WiSDOM tool, further explained in Section 2.2, uses optimization techniques to produce treatment solutions for the removal of conventional pollutants in India, depending on the inputted water quality and user
context information. The ESP was designed to work alongside the tool, using the
treatment solutions outputted to determine the capability and efficiency of the
solution to remove emerging contaminants. Limited research surrounding ECs
currently exists in India. Therefore, removal rates were taken from a worldwide
search to help develop the ESP. This section provides a rationale for the selection
of ECs to be investigated (Section 2.1), key features of the WiSDOM tool (Section 2.2) and a design description of the ESP (Section 2.3). Three main scenarios
were developed to test the application of the ESP and WiSDOM tool at removing
ECs from wastewater in locations that contain tourism, varied socio-economic
living areas and lastly, hospital and industrial wastewater.

2.1. Emerging Contaminants Used for the Study
39 ECs were selected for analysis to review their removal via different treatment
options. The paper published by Gani and Kazmi [19], provided a review of ECs
commonly found within India. Therefore, the ECs chosen were published within
Gani and Kazmi and commonly appeared in other countries and articles [11]
[19] [24]-[34]. Table 1 displays the names of the ECs used for the investigation
along with minimum and maximum concentrations which were recorded in the
literature. These concentration values were used as for the wastewater concentrations, and therefore, were inputted into the ESP as the influent for the treatment solution.

2.2. WiSDOM Tool
WiSDOM stands for Wastewater Decision Support Optimiser and is a decision
support tool designed for the optimal selection and formulation of wastewater
treatment trains/technologies that are suited to the removal of conventional
pollutants in the context of India. The tool contains a user friendly graphical interface which consists of both Genetic Algorithm Based Multi-Objective Optimisation (GA-MOO) and Multi Criteria Decision Analysis (MCDA). A detailed
description of the tool and further explanation of the optimisation and decision
DOI: 10.4236/jwarp.2018.104023

425

Journal of Water Resource and Protection

Z. Visanji et al.
Table 1. Initial concentrations and names of emerging contaminants used in the ESP.

DOI: 10.4236/jwarp.2018.104023

Emerging Contaminant

Minimum Initial
Concentration
(ng/l)

Maximum Initial
Concentration
(ng/l)

1

3-benzophenone (BP3)

638

10,400

2

Acetylsalicylic Acid (ASA)

3900

5500

3

Amoxicillin (AMX)

1

33,100

4

Ampicillin (AMP)

23.5

263.5

5

Atenolol (ATN)

1200

3800

6

Atrazine (ATZ)

20

28,000

7

bis(2-ethylhexyl) phthalate (DEHP)

3

700,000

8

Bisphenol A (BPA)

10

2140

9

Caffeine (CAF)

16000

209,000

10

Carbamazepine (CBZ)

950

2593

11

Ciprofloxacin (CIP)

2.2

236.6

12

N, N-Diethyl-meta-toluamide (DEET)

2560

3190

13

Diazinon (DZN)

1

684

14

Dichlorodiphenyltrichloroethane (DDT)

1

6549

15

Diclofenac (DCF)

10

94,200

16

Dimethyl Phthalate (DMP)

1

7700

17

di-n-butyl phthalate (DnBP)

1

122,000

18

Diuron (DIU)

30

1960

19

Endosulfan (END)

5000

15,000

20

Erythromycin (ERY)

10

10,000

21

Estradiol (E2)

2

50

22

Estrone (E1)

1.2

170

23

Galaxolide (GAL)

30

25,000

24

Gemfibrozil (GFZ)

100

17,100

25

Ibuprofen (IBP)

4

603,000

26

Methylparaben (MP)

2642

11,601

27

Naproxen (NPX)

2

529,000

28

Nonylphenol (NP)

30

101,600

29

Norfloxacin (NOR)

6.4

29.6

30

Ofloxacin (OFL)

4.5

7.5

31

Perfluorooctanesulfonic Acid (PFOS)

1

374.5

32

Perfluorooctanoic Acid (PFOA)

1

1,000,000

33

Roxithromycin (ROX)

0.7

2275

34

Sucralose (SUC)

10

4610

35

Sulfamethoxazole (SMZ)

1

6290

36

Tetracycline (TCN)

65

24,000,000

37

Tonalide (TON)

50

1930

38

Triclosan (TCS)

3

23,900

39

Trimethoprim (TMP)

60

6800
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making process can be found in [35]. This tool is used to identify optimal
wastewater treatment trains based on user’s defined contexts while considering a
range of sustainability indicators including conventional pollutants removal,
carbon emissions, resources implications and social indicators. The tool first
calculates the performance of each treatment train in terms of the removal of the
following conventional pollutants: 1) Chemical Oxygen Demand, 2) Biochemical
Oxygen Demand, 3) Suspended Solids, 4) Total Nitrogen, 5) Phosphorous, 6)
Faecal Coliform, 7) Turbidity and 8) Intestinal Nematode Eggs. Treatment trains
which do not meet the water quality requirements (based on the Indian Standards on different water reuse applications) are not considered for further assessment against other sustainability indicators (e.g. energy consumption, investment, operation and maintenance costs, amount of waste generated, land
requirement and social acceptability). For the purpose of this study, the
GA-MOO objectives, parameters and MCDA criteria weight settings were set to
their relevant default settings; as the focus was on the removal of emerging contaminants.

2.3. Excel Spreadsheet Program
The Excel Spreadsheet Program (ESP) was developed as a program that could
effectively calculate the removal efficiencies of ECs through different treatment
solutions. The treatment options (unit processes and treatment trains) used were
taken from the WiSDOM tool, to allow for a clear comparison and analysis
against current Indian Water Standards, and the removal efficiencies of ECs.
Many of the different unit processes used within WiSDOM were adapted from
Joksimovic [36].
First a database was produced regarding concentrations of the chosen ECs
which included the name of the ECs, their abbreviations, CAS (Chemical Abstracts Service) number and concentrations in untreated and treated wastewater.
This information was populated to provide a range of minimum and maximum
concentrations of emerging concentrations (Table 1) found within recorded
values within a range of sources. Next, the minimum and maximum removal
rates as a percentage were populated for all 39 ECs when treated through different treatment unit processes. The removal rate of each emerging contaminant
equates to the percentage of the chemical which was removed during a treatment
process or stage.
The layout of the ESP consisted of two sheets in total. The first sheet has several columns. The first column contains the names of the thirty nine emerging
contaminants. The next two columns included the information regarding the
minimum and maximum concentration of the chosen emerging contaminants
normally found in wastewaters. The top rows of the ESP, in Sheet 1, contained
drop down options for each stage of treatment (preliminary, primary, secondary,
tertiary and disinfection), allowing the user to change the treatment options
chosen to determine the removal of ECs of each solution outputted from the
DOI: 10.4236/jwarp.2018.104023
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WiSDOM tool. The drop down options for each treatment stage correlated to a
treatment ID number in the second spreadsheet, allowing the relevant information to be passed through the ESP. The main body of the ESP used a functional
equation that calculated the removal of each of the thirty nine ECs for each of
the different treatment options selected per treatment stage. The removal of each
EC was calculated using removal rates taken from published literature.
The published research looks at the overall removal rate of ECs in different
treatment plants and very limited information is available on the ECs removal
efficiencies for individual treatment processes. In order to address this unavailability of unit processe focused data, a number of assumprions were made to
create a database of sufficient size and facilitate the running of simulation. The
key assumptions are summarized in Table 2.

2.4. Scenarios Development
Three scenarios were developed which consisted of different inputting factors.
The scenarios were processed through the WiSDOM tool, to determine the optimal treatment options for current Indian wastewater standards depending on
the user constraints inputted (for example land requirement and operational and
maintenance costs). The top solutions from WiSDOM were then run through
the ESP to determine which had the better performance for the removal of ECs.
Table 2. Assumptions used for the ECs removal rates in the ESP.
Assumptions
1

All unit processes involving an activated sludge process will have the same removal rate.

2

The treatment options set to 0% removal rate were: Bar Screen, Grit Chamber, Coarse
Screen, Fine Screen, Actiflo, Enhanced Biological Phosphorous Removal (EBPR),
P-Precipitation and Soil Aquifer Treatment.

3

4

If no information is found for a unit processes regarding an ECs removal the removal rate
will automatically be placed at 0%.
If a value for a removal rate is found for anaerobic conditions then all other treatment
processes with anaerobic conditions will pose similar removal rates.
The overall removal rate for stabilization ponds will be split equally between the

5

different pond stages, due to a lack of information regarding the removal rate of
each individual pond process

6

7

Regarding Caffeine, all disinfection treatment options will have similar removal
rates unless stated otherwise in the literature.
If information is only found regarding the EC removal rate of one certain type of pond (i.e.
algal ponds), then the same removal rate will be assumed for all different pond types.
When only one overall value is given for more than one treatment options, such as a

8

complete treatment train, this percentage will be split between the processes
included in the treatment train.

9

DOI: 10.4236/jwarp.2018.104023

Chlorine Dioxide and Chlorine Gas will have the same removal rates (%)
unless otherwise specified in the literature.
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The results were then analysed to find the overall best solution for both the removal of ECs and the removal of conventional water pollutants found in India.
Scenario 1 looked at investigating suitable treatment technologies which were
able to remove ECs from areas affected by tourism at different scales: (A) Determining treatment options for areas that consist of “Occasional Events” such
as Diwali and Ganesh Chaturthi. “Occasional Events” can include festivals, public holidays and major sporting events [25]; (B) Determining treatment options
for areas in India such as “The Golden Triangle”. Both scenarios have known
high tourism levels resulting in an expected detection of personal care products,
medicine and illicit drugs.
Scenario 2 looked at treatment technologies which were suited to removing
ECs from different socio-economic groups. (A) Determining treatment options
for the removal of ECs in lower class “slum” areas of India (Dahravi); (B) Determining treatment options for the removal of ECs in middle-upper class areas
of India (Parel); (C) Determining treatment options for the removal of ECs in
upper-class areas (Bandra). The diverse socio-economic groups will contain different treatment options for the removal of ECs, due to limitations regarding
land availability and cost constraints.
Lastly, Scenario 3 looked at treatment technologies suited to the removal of
ECs from different working environments. (A) Determining treatment options
for the removal of ECs from Hospital wastewater (Ujjain); (B) Determining
treatment options for the removal of ECs from Industrial wastewater (Perundurai).
The values assigned to different variables for each scenario are shown in Table
3.

3. Results and Discussion
For each scenario, the top optimal solutions generated by the MCDA section of
the WiSDOM simulation were taken and analysed for their performance against
a range of sustainability indicators and treatment efficiency for the conventional
pollutants. The solutions were then processed through the ESP and results were
displayed in a bar chart to determine the removal of ECs for each treatment
train. The example solutions presented for all scenarios are intended to demonstrate the functionalities of the developed tool and response to the user inputs.
Sanity of the tool provided solutions is yet to be further tested and heavily depends on the input data quality.

3.1. Scenario 1—Areas Impacted by High Levels of Tourism
Figure 1(a) displays the results for the treatment solution which was able to remove the most emerging contaminants from Goa, a location that contains “Occasional Events”. The treatment solution used consisted of a fine screen, rotating
biological contactor, constructed wetland and chlorine gas used for disinfection.
This solution met the requirements of removing conventional pollutants. However, as Figure 1(a) shows, this solution did not successfully remove a
DOI: 10.4236/jwarp.2018.104023
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Table 3. Data inputted into the WiSDOM too for different scenarios.
Inputting Parameter for
WiSDOM

Scenario 1

Scenario 2

Scenario 3

Scenario
1A

Scenario 1B

Scenario 2A

Scenario
2B

Scenario 2C

Scenario 3A

Scenario 3B

City/Town/Village

Panaji

Jaipur

Dharavi

Parel

Bandra

Ujjain

Perundurai

State/Region

Goa

Rajasthan

Mumbai

Mumbai

Mumabi

Madhya
Pradesh

Tamil Nadu

Population to be served

40,017

3,046,163

1,000,000

396,122

337,391

515,215

24,930

Wastewater produced
(litres/person/day)

150

150

150

150

150

150

150

Average Income
(INR/person/month)

10,000

31,363

5000

52,454

180,000

24,600

24,400

Land Price (INR/Square metre)

57,917

43,377

28,622

234,877

441,133

44,755

20,396

Land Available for Treatment
Plant (Square metre)

52,000

10,000

68,000

10,000

2000

40,500

44,500

Budget available for capital costs
(INR)

7 × 108

7 × 108

4 × 106

7 × 108

120 × 109

7 × 108

7 × 108

Budget available for annual O &
M costs (INR/year)

500,000

500,000

100,000

500,000

1,000,000

500,000

500,000

Intended use of effluent

Toilet
Flushing

Toilet
Flushing

Non Edible
Crops

Toilet
Flushing

Toilet
Flushing

Toilet
Flushing

Toilet
Flushing

Is the electricity source reliable

Yes

Yes

Yes

Yes

Yes

Yes

Yes

high proportion of ECs. 3-benzopheone (BP3), Acetylsalicylic Acid (ASA),
Amoxicillin (AMX), Atenolol (ATN), Atrazine (ATZ), bis (2-ethylhexyl) phthalate (DEHP), Endosulfan (END), Gemfibrozil (GFZ), Perfluorooctanesulfonic
Acid (PFOS) and Perfluorooctanoic Acid (PFOA) were not removed during this
treatment solution. Figure 1(b) displays the treatment solution which was able
to remove the most emerging contaminants from a known tourism area of Delhi. The treatment solution used contained a bar screen as preliminary treatment,
followed by sedimentation without coagulant for primary treatment, then the
secondary unit process used was low loaded activated sludge without denitrification and secondary sedimentation, followed by an ultrafiltration for tertiary
treatment and lastly chlorine gas was used for disinfection. Compared to Scenario 1A, the treatment solution for Scenario 1B was effective at removing a larger
proportion of ECs. However, BP3, ATZ, Diazinon (DZN) and Sucralose (SUC)
were still not removed.

3.2. Scenario 2—Different Socio-Economic Groups
Scenario 2 looked at the removal of ECs from different socio-economic groups
in Mumbai. Scenario 2A focuses on analysing the removal of ECs from Dharavi,
a lower class “slum” area in India. The treatment solution which was suited to
DOI: 10.4236/jwarp.2018.104023
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Figure 1. Removal of ECs from locations with high tourism levels: (a) Removal of ECs for Scenario 1A: “Occasional Events”. (b)
Removal of ECs for Scenario 1B: “The Golden Triangle”.

meet the criteria of this location included a grit chamber, sedimentation without
coagulant, constructed wetlands and chlorine gas. Section 2B looked at the removal of ECs from a middle-class area in Mumbai. The treatment solution best
suited to the criteria inputted included a bar screen, sedimentation without coagulant, trickling filter followed by secondary sedimentation, nano filtration and
chlorine gas. Section 2C focused on the removal of ECs from an upper-class area
(Bandra) in Mumbai. The solution used consisted of a grit chamber, sedimentation with coagulant, stabilization pond: aerated ponds, the final stage of constructed wetlands and chlorine gas. Figure 2 presents the data for the removal of
ECs from the three locations chosen in Mumbai. 3-benzopheone (BP3), Acetylsalicylic Acid (ASA) and Amoxicillin (AMX) were not removed from all three
locations. Bandra was able to contain treatment technologies which were able to
remove a higher proportion of ECs with all but BP3, ASA and AMX being successfully removed. Figure 2(a) presents a cheaper treatment solution in terms of
cost suited to Dharavi. This solution was unable to remove Atrazine (ATZ) and
Triclosan (TCS) along with the three ECs mentioned earlier. The treatment solution suited to the middle-class area was unable to remove chemicals which
would be commonly found in this location such as Sucralose (SUC), Atrazine
(ATZ), Diazinon (DZN) and Naproxen (NPX).

3.3. Scenario 3—Industrial and Hospital Wastewater
Scenario 3A focused on the removal of ECs from hospital wastewater using a
DOI: 10.4236/jwarp.2018.104023
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Figure 2. Removal of ECs from socio-economic groups in Mumbai: (a) Removal of ECs from Dharavi, a “slum” location (Scenario
2A), (b) Removal of ECs from Parel, a middle-class area (Scenario 2B), (c) Removal of ECs from Bandra, an upper-class location
(Scenario 2C).

hospital in Ujjain as an example, whereas Scenario 3B focused on the removal of
ECs from industrial wastewater in Perundurai. The treatment solution best
suited to removing ECs from hospital wastewater consisted of a: coarse screen,
sedimentation without coagulant, advanced oxidation (UV/H2O2) and chlorine
gas. When determining the solution which was suited to removing ECs from
hospital wastewater, it was important to focus on the removal of those pollutants
commonly found in hospitals. Therefore, 3-benzopheone (BP3), Acetylsalicylic
Acid (ASA), Amoxicillin (AMX), Ampicillin (AMP), Atenolol (ATN), Caffeine
(CAF), Carbamazepine (CBZ), Ciprofloxacin (CIP), Diclofenac (DCF), Erythromycin (ERY), Estrone (E1), Estradiol (E2), Galaxolide (GAL), Gemfibrozil
(GFZ), Ibuprofen (IBP), Naproxen (NPX), Norfloxacin (NOR), Ofloxacin
(OFL), Roxithromycin (ROX), Sulfamethoxazole (SMZ), Tetracycline (TCN),
Tonalide (TON) and Trimethoprim (TMP) were closely examined to determine
the best result to treat the pharmaceuticals and PCPs. Figure 3(a) displays the
removal of ECs and shows that ASA and NPX were the only two ECs which were
unsuccessful at being removed. On the other hand, the solution for Scenario 3B
focused on how the treatment options were able to remove common industrial
contaminants such as BP3, bis (2-ethylhexyl) phthalate (DEHP), Bisphenol A
(BPA), Dimethyl Phthalate (DMP), di-n-butyl phthalate (DnBP), Nonylphenol
DOI: 10.4236/jwarp.2018.104023
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Figure 3. Removal of ECs from (a) Hospital wastewater and (b) Industrial wastewater.

(NP), Perfluorooctanesulfonic Acid (PFOS) and Perfluorooctanoic Acid (PFOA).
The treatment solution used a grit chamber, sedimentation without coagulant,
stabilization pond: aerated ponds, nano filtration and chlorine dioxide. Figure
3(b) represents the removal of ECs for this solution where BP3 was the only industrial contaminant which was not removed. However, this solution also contained six other ECs (ASA, AMX, ATZ, DZN, NPX and SUC) commonly classed
as PCPs and Pharmaceuticals which were not successfully removed during this
solution.

3.4. The Removal of Different Categories of Emerging
Contaminants
The following section briefly explores those ECs which were not frequently removed or did not have high removal rates. Although the different categories of
ECs are listed, it is important to note that to better understand the removal of
ECs we should treat each substance separately. This is because each EC has different physical and chemical properties even if they are classed in the same
group as another. By separating each chemical and exploring the best removal
treatment it will allow for a better understanding of how each EC is removed
during treatment.
3.4.1. Personal Care Products and Plant Protection Products
The following categories of ECs explored in this section are biocides, plant
protection products, insect repellents, musk fragrances, sweeteners and preDOI: 10.4236/jwarp.2018.104023
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servatives. Atrazine (ATZ), Dichlorodiphenyltrichloroethane (DDT), N,
N-Diethyl-meta-toluamide (DEET), Diazinon (DZN), Diuron (DIU), Endosulfan (END) and Triclosan (TCS) are classed as biocides, plant protection products or insect repellents. These PCPs did not have high removal rates during the
majority of the treatment train solutions, and ATZ, for example mainly had a
removal rate of 0%. This low value displayed by ATZ is seen inrecorded removal
rates, of around 0% - 25% [11]. Advanced oxidation processes (AOPs) and the
use of activated carbon are able to remove ATZ at round 25% - 100% and 0% 82.1%, respectively. However, not all the treatment trains in the scenarios used
these two treatment methods. Research has occurred regarding the removal of
DEET and the highest removal rates could be seen during activated sludge (0% 90%), MBR (10% - 90%), Ozone (50% - 100%) and Nanofiltration (80% - 100%)
[37]. Pesticides such as DDT are not widely discussed. However, disinfection activated carbon and AOPs were the best treatment options. DIU had high removal rates of greater than 80% when passed through AOPs, and found that biological treatment options such as anoxic conditions had removal rates of at least 50%
[38]. Conventional treatment methods are not suited for the removal of END.
However, AOPs had a removal rate of 64% - 91% [39]. Lastly, TCS did not fit
similar removal patterns to the other chemicals within this group. TCS had high
removal rates for most processes, with an 86% - 97% removal rate for trickling
filters [40].
Sucralose (SUC) is classed as an artificial sweetener and had low removal rates
during the treatment trains used, reaching a 20% removal rate. The highest removal rate found for SUC was 70% - 93% during AOPs [41], whereas when wetlands were used the removal only reached 20% [42]. Methylparaben (MP) is
used as a preservative. The removal rates for a range of different unit processes
were high with 12% - 75% removal during ponds and 88% - 94% during anaerobic biological treatment [43] and an overall removal rate of 96.8% during primary treatment, activated sludge, ultra-filtration (UF) and ozone disinfection.
Both SUC and MP are less researched in comparison to other PCPs.
Overall the best treatment option to remove PCPs was using AOPs. However,
some chemicals such as TCS were not greatly removed during this treatment option. AOPs are not a feasible solution in all areas especially rural areas of India
due to their energy and cost requirements.
3.4.2. Pharmaceuticals
This section explored the removal rates of different treatment options for the
two main classes of pharmaceuticals which were discussed (analgesics/anti-inflammatory and antibiotics).
Acetylsalicylic Acid (ASA), Diclofenac (DCF), Ibuprofen (IBP) and Naproxen
(NPX are classed as analgesics and anti-inflammatories. ASA is a commonly researched pharmaceutical and high removal rates have been published for activated carbon and sand filtration (94%), ultrafiltration (98%), activated sludge
(78.9% - 83%) and the use of an oxidation ditch (100%) [44] [45] [46]. DCF has
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lots of information published with removal rates ranging from 10% - 100% for a
wide range of different treatment options [9] [47] [48] [49]. NPX had varying
removal rates with biological treatment providing the highest removal. Anaerobic Membrane Bioreactor (MBR) had a removal rate of 75%, MBR alone had
91% - 92% removal efficiency and 91% - 95% was seen during biological nutrient
removal. The lowest removal rate (nearly 0%) was seen during activated sludge
processes [30].
Beta-lactams (Ampicillin (AMP) and Amoxicillin (AMX)), Quinolones (Ciprofloxacin (CIP), Norfloxacin (NOR) and Ofloxacin (OFL)), Macrolides (Erythromycin (ERY) and Roxithromycin (ROX)), Blood Lipid Regulators (Gemfibrozil (GFZ)), Sulfonamides (Sulfamethoxazole ((SMZ)), Trimethoprim (TMP)
Tetracyclines (TCN) are different classes of antibiotics which were explored.
AMX had low removal rates, during primary treatment, of 3.6% and the use of
powdered activated carbon (PAC) had removal rates of 17.4% - 60% [50]. The
use of granular activated carbon (GAC), activated sludge and membrane filtration resulted in higher removal rates and in some cases complete removal. AMP
showed lower removal rates of 67% - 91% during activated sludge treatment.
However, the use of reverse osmosis and disinfection resulted in 75% - 100%
removal. The Quinolones, CIP and OFL had close to 0% removal when activated
sludge was used for treatment. These two ECs displayed similar results. However, the removal rates were lower for OFL. On the other hand, NOR was the only
EC of this group to be successfully removed during filtration methods. Both the
Macrolides had low removal rates during different treatment options. ROX had
better removal rates during membrane filtration and microfiltration, with activated sludge processes having medium to high removal rates [50] [51] [52]. On
the other hand, ERY was frequently removed during UV treatment and ozonation with removal rates varying from 4% to 100%.
GFZ had high removal rates during the use of nanofiltration, AOPs, PAC and
during MBR treatment. However, low removal was seen that using GAC and
SMZ had generically high removal rates, with low removal efficiencies during
filtration such as nanofiltration (40% - 50%) and ultrafiltration (20% - 30%) [9].
AOPs led to the complete removal of SMZ [53]. TCN exhibited low removal
rates apart from when AOPs were used. Lastly, TMP had high removal rates
during GAC, PAC, filtration and AOPs. However, disinfection methods were
not successful at removing this EC sufficiently. Macrolides, Blood Lipid Regulators, Sulfonamides, Trimethoprim and Tetracycline all had high removal rates
when AOPs were used. However, as only one EC from each category was tested
it cannot be determined whether other ECs from the same group would react
well to AOPs based treatments.
Although individual emerging contaminants have been grouped together and
classed under different antibiotic groups, it does not mean that the ECs within
the same category will have the same removal rates. Each of the different antibiotics has different removal rates which are dependent on their individual
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properties. Therefore, it is not easy to determine the best treatment option for all
antibiotics.

4. Conclusion
ECs were previously not listed as a cause for concern. Therefore, wastewater
treatment plants were not (purposely) designed to remove them. This in turn
has allowed for ECs to access our water systems leading them to enter freshwater
and drinking water systems. The most common types of ECs explored amongst
the literature were pharmaceuticals, PCPs and EDCs. Further research is needed
on the concentration of these new ECs in different water sources worldwide. The
overall aim of this study was to analyse sustainable treatment options for the
removal of ECs within India. The treatment solutions outputted by the WiSDOM tool focused on the removal of conventional pollutants. Therefore, they
were not always effective at removing emerging contaminants. Natural processes
such as wetlands and ponds are a more sustainable treatment option to remove
conventional and emerging contaminants. However, the land requirement for
these options is not always suited in urban areas. Equally, more energy intensive
options such as AOPs are not suited in areas such as Dharavi where steady electricity sources are not viable. Each EC has its own physical and chemical components resulting in the compound to be broken down or removed in its own
unique way. Therefore, to allow for the effective removal of ECs, it is important
to study each compound separately including their transformations during unit
processes. This study has provided the basis for further research concerning the
removal of ECs. The main limitation with this research occurred due to the lack
of data regarding the removal of ECs from different treatment trains. Advances
are needed in regard to funding and access to equipment within India to allow
for further investigations to fill the current gap within the literature. Primary
data collection would allow for more accurate determination of the ECs removal
rates during different treatment stages. This in turn can help developing more
reliable simulations aimed at identifying optimal treatment solutions.
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