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Abstract

There is an increasing focus on research related to *i.~> removal of emerging organic contaminants
(EOCs) from wastewater by using construct~~ w~tlands (CWSs). However, research is lacking on
translating the available scientific evidence nto decision support tools. In this paper, a novel
decision tree framework is developeu ~.»d demonstrated. The proposed framework consists of
five steps: (1) generate a list of E'OCs 0y the analysis of the wastewater; (2) select the best type
of CW for each of the selecte.' EOCs; (3) select a final type of CW for the removal of the
selected EOCs; (4) identi ‘v d tailed design and operational features of the proposed CW such as,
depth, area, plants, supr<rt matrix, hydraulic loading rate, organic loading rate, and hydraulic
retention time; and (5) assess the expected removal efficiency of EOCs in the selected CW. A
novel decision support tool, named as DTFT-CW, was developed to generate data and
information for the application of the proposed decision tree framework. DTFT-CW (given as a
supplementary material) was developed using Microsoft Excel 2016 to support decisions on the
design, operation, and performance of CWs for the removal of 59 EOCs (33 pharmaceuticals-
PhCs, 15 personal care products-PCPs, and 11 steroidal hormones-SHs). The paper demonstrates
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the usefulness of the developed decision-making tools by considering 19 EOCs (13 PhCs, one
PCPs, and five SHs) as an example, which pose high environmental risk and are on the European
Union watch list (six of the 19 EOCs). An integrated design of HCW (combining vertical flow
CW, horizontal flow CW-HFCW, and free water surface CW) is recommended for the treatment
of multiple EOCs instead of a single type of CW such as HFCW that is most widely used in
practice. The proposed tools could be useful for decision makers such as policy makers, design

engineers, and researchers.

Key words: Constructed wetlands; Decision tree framework, Locision support tool; Design and

operational parameters; Emerging organic contaminants: 2ei.~oval efficiency.

1. Introduction

Constructed wetlands (CWSs) are low cos. ~.nd nature-based treatment technologies that have
been extensively investigated for wedtewater treatment containing emerging organic
contaminants (EOCs) such as phurn.aceuticals (PhCs) (Carvalho et al., 2014; Li et al., 2014;
Verlicchi and Zambello, 201-: 2hang et al., 2014; Gorito et al., 2017; Ekperusi et al., 2019),
personal care products (FCr ) (Verlicchi and Zambello, 2014; Zhang et al., 2014; Verlicchi et
al., 2015; Vo et al., 2018, and steroidal hormones (SHs) (Tore et al., 2012; Gorito et al., 2017;
Vo et al., 2018). The investigated CWs are free water surface CW (FWSCW), horizontal flow
CW (HFCW), vertical flow CW (VFCW), and hybrid CW (HCW). Few experimental studies
conducted the comparative analysis on the performance of different types of CWs
(Supplementary materials 1: Table S1). Ilyas and van Hullebusch (2020a, 2020b, 2020c)
conducted a comprehensive and critical review of the performance and a comparison of all types

of CWs for the removal of these EOCs based on the available literature. These studies indicated



compound specific and high variability in the removal efficiency of EOCs in different types of
CWs. There are several factors responsible for the variable performance of CWs such as design

and operational features of CWs, and physicochemical properties of EOCs.

Several individual studies have examined the effect of plants in CWs by considering the removal
of EOCs in planted and unplanted CWs as summarized in Table S2, given in supplementary
materials 2. The role of support matrix in the removal of EOCs have been explored by several
authors as well (Table S2). The role of operational factors such s .varaulic loading rate (HLR),
organic loading rate (OLR), and hydraulic retention time HR ") has been explored by some
researchers (Table S2). A detailed statistical analysis tc in.escigate the correlation of design and
operational parameters of CWs such as depth, ar22, HLK, OLR, and HRT with the removal
efficiency of EOCs was conducted by Ilyas a1 van Hullebusch (2019, 2020c, 2020d). These
studies indicated that the design and operati.nal parameter are very important governing factors

in CWs performance for the removal 71 ~OCs.

While several experimental anc' syn:hesis (review) studies have been conducted on the removal
of EOCs by CWs, the research is lacking on translating available scientific evidence into
decision-making toois. Jniy a few studies have attempted to develop decision support systems
(DSS) to support design and operation of CWs (Turon et al., 2007; Reyes-Contreras et al., 2012;
Sultana et al., 2015). Turon et al. (2007) developed a novel environmental decision support
system (EDSS) to improve the operation and maintenance of widely used HFCW (EDSS-
maintenance). The EDSS provides a comprehensive guideline to facilitate design engineers and
operation managers to sustain the performance of CWs in general, although no reference is made

to the performance of CWs for the removal of EOCs. Sultana et al. (2015) used decision tree



approach for designing CWs (FWSCW, HFCW, and VFCW) with the focus on the removal of
conventional parameters (chemical oxygen demand, biochemical oxygen demand, total
suspended solids, total nitrogen, and total phosphorus). Reyes-Contreras et al. (2012) used a
regression tree approach for the removal efficiency of the 10 EOCs (PhCs and PCPs) and the
decision factors were vegetal species (Typha angustifolia, Phragmites australis or unplanted),
kind of substrate (soilless, free-water layer or gravel), flow type (surface or subsurface flow),
season (summer or winter), and age of the system (expressed ir .°mesters). Furthermore, the
novel predictive models, in the form of multiple linear regresciuns, were developed for the
removal efficiency of EOCs in CWSs based on their phycicochemical properties (llyas et al.,
under review in Journal of Environmental Management), =nd design and operational parameters
of CWs (llyas et al., 2020a). The proposed modele o1 Id serve as screening tools to gain insights

about the removal efficiency of a certain P'C, >CP, and SH in CWs.

Although the developed tools and mndeis are useful to serve their intended purposes, these
studies indicate very limited researc™ un developing integrated decision support tools (DSTS)
that can provide sound scientific .~formation on various important questions in decision-making
process on the design, pe.auon, and performance of CWs for the removal of EOCs. For
example, what type of C\\" would be more suitable for a certain list of EOCs in a given context?;
what could be the suitable design and operational parameters of CWs for the removal of EOCs
under consideration?; what could be the expected performance of CWs for the removal of EOCs
under consideration? The development of tools to answer such questions could be very useful to
provide sound scientific basis for multiple decision makers such as CW design engineers and

operational managers, policy makers, and researchers.



Therefore, more research is needed to develop comprehensive and integrated DSTs with specific
focus on EOCs removal by CWs. This research aims at the development of a novel DST to
support design, operation, and performance assessment of CWs for the removal of EOCs. The
specific objectives are: (1) to develop a decision tree framework to support design and operation
of CWs for the removal of EOCs; (2) to develop a DST to provide a quick overview of the
information required in different steps proposed in the decision tree framework; and (3) to
demonstrate the application of the developed DST using the selectad EOCs, which pose high

environmental risk and are on the European Union (EU) watck. 'is..

2. Methodology

A novel decision tree framework is developec c'«d applied in this study (Figure 1). A brief
description of each step is given below. / de’ailed demonstration of the framework is provided
in the results and discussion section by u.ing an example of selected EOCs, which are on the EU
watch list as per EU decision 2015/19L 72U, 2015; Barbosa et al., 2016; Gorito et al., 2017) and
EU decision 2018/840 (EU, ~118, Loos et al., 2018), and those categorized under high
environmental risk catege:, (', as et al., 2020b, Ilyas and van Hullebusch 2020b, 2020c). The
proposed approach consicts of five steps where certain analysis is carried out and decisions are
taken based on the available data/information (Figure 1). The first step involves the analysis of
the wastewater to be treated, in particular with respect to types of EOCs present in it besides
examining conventional parameters. Once the wastewater composition is examined, a list of
EOCs can be generated, which should be considered in the wastewater treatment process. It is
prudent to gather more (relevant) information about the selected EOCs, for example about their

environmental risk, physicochemical properties, and removal efficiency in different types of



CWs. In the second step, the best type of CW is selected based on the available scientific
evidence on EOCs according to their removal mechanisms (e.g., biodegradation-aerobic and/or
anaerobic, adsorption and/or sorption, uptake by the plants, and photodegradation). This process
is carried out for all the selected EOCs. The third step is about making a final selection on the
CW system. There could be different options to select the type of CW. For example, a simple
approach could be to select the type of CWs that is best suited for the removal of most of the
selected EOCs. Another option could be to select an integrated desian if more than one type of
CWs are suitable to remove the selected EOCs. For example, » .2!ection of HCW system (e.g.,
combining FWSCW, VFCW, and HFCW) could be recon.mended for the treatment of multiple
types of EOCs because such a system can better pro.ide necessary conditions of different
removal mechanisms. In the fourth step, a dsw>'ier. design and operational features of the
proposed CW system are identified. The 2 a’e several design and operational parameters that
could be considered in this analysis suci. as, depth, area, plants, support matrix, HLR, OLR, and
HRT. The values of these paramete*= c’.d be accumulated from available scientific evidence. In
the fifth step, an overview o. the expected performance of the proposed CWs system is
presented. The expected a2z of performance could be based on the synthesis of the
experimental studies (e., Ilyas et al., 2020b, Ilyas and van Hullebusch, 2020a, 2020b, 2020c)
and prediction through multiple linear regression models (e.g., llyas et al., 2020a; llyas et al.,
under review in Journal of Environmental Management). The fifth step is complete when the
expected performance is acceptable, otherwise, the users may repeat part or all of the steps in the

decision tree framework with the aim to achieve better results (if possible).



A new tool was developed to readily provide data and information required in each step of the
decision tree framework. The salient features of the tool are described in the results and

discussion section.



‘ Step 1

Analvsis of

conventional . Analvsis of EOCs:
parameters (¢.g.. —_ TR 22'{: Eﬁl{"‘“m — < PhCs. PCPs. and
BOD. COD. flow treated by 3% system SHs)

rales ele. )

< Vertical flow CW

Decision on the list of EOCs
to be considered for treatment

‘ Step 2

Select best type of CW for the

‘al of each ty E
Hybrid CW 7| removalefeach pe of EOCs R( Horizontal flow CW >
Decision on suitable tvpes of ’
CWs fior the given list of EQCs }
CW system — Integrated design
suitable for most of — Seleet final type of CW bas .d on | such as hvbnd
the EOCs all EOCs under co sw ration svslem
i¢
Decision, - o final tvpe of CW
5, slem
Design parameters of Operational
CW: depth, area, | o Aect design and operational - parameters of
plants. and support parameters of CW system CW: HLR. OLR.
matnx and HRT
- Diecision on values of design
and operational parameters
.v Step 5 Predictions based on
) phyvsicochemical
Based on Ciet an overview of mean observed and

expenmental data

£

Yes

y

/~

< Free water surface CW >

predicted removal efficiency of EOCs

Performance
acceptable or not?

properties of EOCs, and
design and operational
parameters of CW

No

h 4

MNon-aceeptable performance of
C'Werepeat all or pant of the
decision process

Acceptable performance of
CW-end of decision process

Figure 1. A schematic illustration of the steps involved in decision tree approach.



3. Results and discussion

3.1. Development of a novel data and information management tool
3.1.1. DTFT-CW

The key features of the novel DST, referred hereafter as DTFT-CW, developed in this research
are schematized in Figure 2 and briefly described below. DTFT-CW was developed using
Microsoft Excel 2016, and is provided as a supplementary matei:~l (Excel file: DTFT-CW-

secure, along with the user manual).

Module 1: Key questic ss to be
answered using *u1¢ decision

suppo-t .~ol
Module 2: Selection of EOCs and
Module 6: Answers to the basic data on their environmental
questions facilitating discussior. a1 risk, physicochemical properties,
conclusions removal efficiency, and design and

operational parameters of CWs

Module 5: Overview o. “redictive
models, predictew e noval
efficiency, ar alysy. ofresults
including ¢ ~my ~vi-on between
predicted and Yserved removal
eff- ency

Module 3: Selection of best type of
CW for each EOC, as well as
selection of final type of CWs for
the removal of multiple types of
EOCs

Module 4: Identification of the
detailed design and operational
features of the proposed CW
system

Figure 2. A schematic diagram illustrating the modules of the developed DTFT-CW.



3.1.2. Modulesin DTFT-CW

The proposed DTFT-CW is composed of six modules, which could be followed sequentially.
DTFT-CW can be used by an individual user or multiple users in the form of a group of different
stakeholders (e.g., policy/decision makers, wastewater managers, design engineers and operators

of CW systems, researchers/scientists, and citizens).
3.1.2.1. Module 1

The first module displays the basic set up of DTFT-CW and ¢onta ns the list of key questions
that could be explored using the tool. These questions are a.’arzd to facilitate decision making
process for each of the five decision steps outlined ii. the decision tree framework (Figure 1).

The key questions are enumerated below.

1. What are the EOCs to be considered fo: the Cvvs design and operation?

2. What is the potential environmental 1.-k posed by the EOCs under consideration?
3. Which types of CWs are suitat e ,~r the removal of each EOC under consideration?

4. Which type of CW coulo he recommended for the removal of selected EOCs under

consideration?
5. What are the plausibie range of values of CW design and operational parameters?

6. What is the expected removal efficiency of selected EOCs for the finally selected CWs

design and operational parameters?
3.1.2.2. Module 2

The second module involves the analysis of the wastewater to be treated, with respect to types of

EOCs. Once the wastewater composition is examined, a list of EOCs can be generated, which
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should be considered in the wastewater treatment process. This module contains the list and
basic data of the 59 EOCs (33 PhCs, 15 PCPs, and 11 SHs) (Supplementary materials 3: Table
S3) including their names, environmental risk, physicochemical properties, and removal
efficiency in four types of CWs (FWSCW, HFCW, VFCW, and HCW), and data on design and
operational parameters of these four types of CWSs. The data was compiled from the peer
reviewed published sources in our previous work (llyas et al., 2020b; Ilyas and van Hullebusch,
2019, 2020a, 2020b, 2020c, 2020d). In this module, the user wi select specific EOCs to be
examined. In case DTFT-CW is used by multiple stakeholde:~ =ty need to agree on the final
list of EOCs to be examined. After selecting the EOCs froi.» the given list, the tool automatically
does the required calculations to answer the key quesfiu.>. The answers to these questions are
presented under module 6 and are ready for tl.~ rrview soon after the EOCs are selected.
However, it is recommended that the use: s gr through all modules (3-6) in a sequential way to
develop a good understanding of the predictive models, details on the calculations, and some key

information provided in each modu'~.

3.1.2.3. Module 3

In the third module, t*.> best type of CW is selected based on the available scientific evidence on
EOCs according to their removal mechanisms (biodegradation-aerobic and/or anaerobic,
adsorption and/or sorption, uptake by the plants, and photodegradation). This process is carried
out for all the EOCs. The information used in this process is compiled in our previous work
(llyas et al., 2020b; Ilyas and van Hullebusch, 2020a, 2020b, 2020c). This module also involves
the decision about the final selection on the CW system. There could be several options to select
the type of CW. For example, in case of 59 EOCs included in DTFT-CW, HCW appears to be

best option for 21 out of 59 studied EOCs. Thus, one option could be to select HCW in this case
11



(Supplementary materials 4: Figure S1). Whereas VFCW, HFCW, and FWSCW are the best
alternatives for 17, 14, and 7 of the 59 EOCs under consideration, respectively. This highlights
the need of integrated design of HCW that should contain features of all the three CW types:

VFCW, HFCW, and FWSCW.
3.1.2.4. Module 4

In the fourth module, detailed design and operational features of the proposed CW system are
identified. There are several design and operational parameters the.® could be considered in this
analysis such as depth, area, HLR, OLR, HRT, plants, and supy ort matrix. The values of these
parameters are taken from our previous work (llyas ¢* al., 2020a, 2020b; llyas and van
Hullebusch, 2019, 2020c, 2020d), which could s2vve as anitial guide in the decision-making
process on design and operation of the selectad W system. The mean and standard deviation in
the case of depth, area, HLR, OLR, and Hh . and best-count in the case of plants and support
matrix are provided based on severa' a -andble studies to support the decision on the plausible
range of values of these variablec In .his module the design and operational parameters of four
types of CWs are summarized ~ascd on available scientific evidence related to all the 59 EOCs

included in the tool (Tabl> 1).

3.1.2.5. Module 5

The fifth module is composed of the novel predictive models, which are developed in our
previous work (llyas et al., 2020a; Ilyas et al., under review in Journal of Environmental
Management). In these studies, we have developed several plausible models for predicting
removal efficiency of EOCs based on physicochemical properties of EOCs, and design and

operational parameters of CWs (see Supplementary Excel file: DTFT-CW-secure). These models
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were developed in the form of multiple linear regressions after detailed statistical analysis of data
by applying principle component analysis and Pearson correlation. Details on all the plausible
models are given in DTFT-CW in the sheets of Models_Phys Chem Properties and
Models_Design & operations. These best performing models were selected by following a
rigorous statistical evaluation criterion composed of five indicators: root mean square error
(RMSE) (lower the RMSE better the model), the difference between observed and simulated
removal efficiency (lower the better), coefficient of determinaacn (R?) (higher the better),
probability (p) value (lower the better), and the number of przicants in the equation (lower the
better). The observed and predicted removal efficiencie. of 59 studied EOCs are shown in
Figures 3-5 in the case of HCW that emerges as the bes: -ystem to treat wastewater containing
multiple types of EOCs. The mean values of simL!ite ] and observed removal efficiencies are in
close agreement in most cases. For ex:mr.e, the difference between mean observed and
predicted removal efficiency was less v*an 20% in the case of 28 out 44 EOCs (64% of the
examined EOCs) for which the obs~rved Jata were available. The model performance in terms of

RMSE values was very good in .most cases (RMSE training sets: 3-16%; test sets:11-28%).

Moreover, Figures 3-5 st ow 1nean and standard deviation to include the uncertainty range in the
observed and predicted re.noval efficiency. The analysis reveals that standard deviation is quite
high in the case of observed removal efficiencies of EOCs (Figures 3-5). This indicates
considerable differences in removal efficiencies under different environmental, design, and
operational conditions of CWSs. On the other hand, the mean of predicted removal efficiency is in
close agreement with the observed values, as it falls well within the range of standard deviation
in most cases (Figures 3-5). In general, the fifth module enables further analysis of the results,

mainly by comparing the predicted and observed removal efficiency in four types of CWSs. This
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will help to triangulate the predictions with experimental results, which will contribute to

informed decision-making process.
3.1.2.6. Module 6

The sixth module provides answers to the key questions raised in module 1. This provides the
basis of detailed discussion and conclusions that could be drawn from the study. In this module,
standard answers to the questions are generated in tabular as wel' as graphical form, which will
contribute to the discussion and decision-making process (Figur: 1 an decision tree framework).
Finally, the users may choose to finish the session or chcose to repeat the whole cycle (all

modules) or part of it (e.g., specific modules) using new se. ;1 EOCs.
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Table 1. Design and operational parameter values derived from available scientific evidence related to all the 59 EOCs under consideration.

Depth Area HLR OLR HRT
CW type (m) (m® PEY) (m*m?d?  (gCcODm?d? (days) Plant Support matrix
Mean # Stdev Mean # Stdev Mean + Stdev Mean # Stdev Mean + Stdev ~ Based on Best-Count  Based on Best-Count
FWSCW 0.85+0.41 11.71 +6.53 0.08 + 0.06 15.99 + 21.45 7.19+5.05 Phragmites australis Gravel
HFCW 0.66 £0.16 6.64 +2.43 0.50 £ 0.59 24.03 + 23.38 5.72 £ 3.49 Phragmites australis Gravel
VFCW 0.67 £0.15 547 +4.14 0.13 £0.07 32.00+17.09 2.94 + 3.46 Phragmites australis Sand
HCW 0.92 £0.40 6.76 + 3.55 0.17£0.15 58.22 + 74.19 5.33+2.29 F aragmites australis Gravel

Note: Data is taken from Ilyas et al. (2020a, 2020b); Ilyas and van Hullebusch (2019, 2020c, 2020d).
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Venlafaxine

15



= Mean Predicted

® Mean Observed

(24) £2UadNJa [eAOUIIY

ajeydsoyd
(1£wp2010112-7) SLIT

ajeydsoyd [Ausaydrry,

URSO[ILIT

URQIRO0[ILI],

ajeydsoyd [Anquip

aprfeuo L

2U0ZUAqOSI[NS

u>eredr Ado1g

AUOZ A",

spuuenje”
-JAUI-[Autp-! (|7

uaqered(AIoN

ajeuousel
-OIpAYIP 1AM

aprjoxeen

UeIRuIgse)

QUIRI[NSAOY

in HCW.

observed and predicted results

on

based

of 15 PCPs

-y

el

effic

removal

The expected

4.

Figure

16



® Mean Observed = Mean Predicted
100

90
80
70
60
50
40
30
20
10

Removal efficiency (%)

=

17B-estradiol
Boldenone
Estriol
Estrone
Prednisone
Progesterone
Testosterone

. \ b bV
Norethisterone = =

17a-
ethinylestradiol
Androstenedione
LT a0 gestrel

Figure 5. The expected removal efficiency of 17 o:4s .2sed on observed and predicted results in HCW.

Note: Standard deviation values were capped at 100 .~ improve the readability of the graph. Actual values can be

found in DTFT-CW.

3.2.  Application of decisicn tree framework tool with support of DTFT-CW and

literature

A step by step demonstiction of the proposed decision tree framework tool is provided in this

section.
3.2.1. Step 1: Analysis of wastewater

Since the composition of wastewater and presence of EOCs is likely to differ in different
contexts, it is important to first examine the wastewater to be treated by CWs. Here, the evidence
from a few selected studies is described to provide an overview of types of EOCs that may be

found in different case study locations. The analysis of actual wastewater treated by full-scale
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CWs showed the occurrence of wide range of EOCs in different studies (e.g., Breitholtz et al.,
2012; Matamoros and Salvadd, 2012; Verlicchi et al., 2013; Chen et al., 2014, 2016, 2019;
Vymazal et al., 2015, 2017; Choi et al., 2016; Matamoros et al., 2016, 2017; Dai et al., 2017;

Vystavna et al., 2017; Yi et al., 2017; Petrie et al., 2018).

For example, Petrie et al. (2018) examined the presence of 54 EOCs (PhCs, PCPs, SHs, and
industrial chemicals-ICs) in three HFCWs used to treat effluent from wastewater treatment plant
(WWTP) in UK. Among the investigated EOCs, some were feina *n all the studied HFCWs
(acetaminophen, clarithromycin, diclofenac, estrone, ibuprof..n, .»aproxen, sulfamethoxazole, and
triclosan). Vymazal et al. (2015) investigated the prezanc= of six SHs (17R-estradiol, 17a-
ethinylestradiol, estriol, estrone, progesterone, and tec.osw>rone) in three HFCWs used to treat
rural wastewater in Czech Republic. All the = ua.ca SHs were found in the influent of three
HFCWs except 17a-ethinylestradiol and «~t"(0l in one of the studied HFCW. Vymazal et al.
(2017) examined the occurrence of 31 ourer types of EOCs (PhCs and PCPs) in four HFCWs
used to treat rural wastewater in c.2cn Republic. Seven out of 31 EOCs were detected in all
sampling campaigns in the irflucnt samples (acetaminophen, caffeine, diclofenac, furosemide,
hydrochlorothiazide, ibur.ro.~n, and metoprolol) and seven were found in at least 75% of the

samples (clarithromycin, ¢ abapentin, ketoprofen, tramadol, triclocarban, triclosan, and warfarin).

A further examination of the above-mentioned studies clearly showed the presence of wide range
of EOCs in different case study locations. Although in the indicated studies the list of
investigated EOCs was different, some of the EOCs were common in all the cases indicating that
these EOCs are most widely used and detected across different locations. Another important
observation is the use of HFCW systems in all these study sites, which may not be most suitable

type of CW to treat a wide range of EOCs detected in the wastewater. This highlights the need of
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exploring the best suited type of CW in each context. Since composition of wastewater may
change overtime with the change of people’s needs of using certain types of drugs in a given
area, it is recommended to periodically analyse wastewater for the occurrence of EOCs. The
frequency of such an analysis could be determined by monitoring of drug sales in combination
with wastewater analysis. A re-analysis of wastewater could be recommended annually or at
least after a few years (e.g., 3-5 years). If the re-analysis results in a significantly different set of
EOCs than those used in the design of CWs, an adaptation should e considered. The new design
could be selected following step 2-5 of the proposed decisio”: *re iramework. More changes in
the existing design could be expected when only one ty.~ ot CW (e.g., FWSCW, VFCW or
HFCW) is used for wastewater treatment compared wiu. ACW because later is expected to be

more suitable to treat wastewater containing mu'tiy’e t/pes of EOCs.

For the purpose of demonstration, 19 EOC~ (13 PhCs, one PCPs, and five SHs) were selected,
which are included in the EU watch tist (FU, 2015, 2018; Barbosa et al., 2016; Gorito et al.,
2017; Loos et al., 2018) and pos: i.'ann environmental risk (llyas et al., 2020b, Ilyas and van
Hullebusch 2020b, 2020c¢) (Supoiwomentary materials 3: Table S4). Most of these EOCs were also

found in the wastewater e.1a1,'sed in the above-mentioned studies.

3.2.1.1. Decision un the list of EOCs

For this demonstration we selected the 19 EOCs which are included in the EU watch list, and are

classified under high environmental risk category.
3.2.2. Step 2: Selection of CWs for each EOC

The available evidence in the literature and physicochemical properties of EOCs indicate that

specific processes are involved in the removal of a certain type of EOC in CWs (llyas and van
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Hullebusch, 2020a, 2020b, 2020c). In CWs various physical, chemical, and biological processes
such as photodegradation, volatilization, adsorption/sorption, plant uptake and accumulation, and
biodegradation (aerobic and anaerobic) may occur simultaneously; however, the dominance of
removal mechanisms depends on the design of the CWs (e.g., Zhang et al., 2014; Gorito et al.,
2017). For instance, in FWSCW, the major removal mechanism of EOCs is photodegradation,
although biodegradation and plant uptake also contribute to the overall performance of the
system. In HFCW and VFCW, due to the occurrence of anaerobi. and aerobic conditions, the
corresponding anaerobic and aerobic biodegradation contribi't> 1o the removal of EOCs besides
their removal by the filter media (through sedimentation, a.'sorption, and precipitation) and plant
uptake. Due to the variation in the dominant removal 1,..=chanisms of different types of EOCs
(Supplementary materials 5: TableS5), their remo ‘1l «fficiency varies in different types of CWs

(Figure 6).

For example, some of the selected PhCs \ocetaminophen, oxytetracycline, and sulfadiazine) and
PCPs (triclosan) showed better "eiaval efficiency in FWSCW. The removal efficiency of
triclosan was significantly higrer :n FWSCW (97%) compared with VFCW (88%), HCW (77%),
and HFCW (59%) (Figure v). Although adsorption and/or sorption is one of its major removal
mechanisms (Table S5, but its higher removal efficiency in FWSCW suggests that
photodegradation might be a considerable removal pathway as well (Table S5). Few studies
observed triclosan’s high removal efficiency by photodegradation in hydroponic microcosm (69
+ 16%) (Matamoros et al., 2012; Li et al., 2017). Its uptake by the plants cannot be considered in
CWs due to its physicochemical properties (llyas and van Hullebusch, 2020b) but the indirect
positive effects of plants presence such as biodegradation contributed to its removal. Its major

removal process in CWs is aerobic biodegradation; however, some studies also attributed its
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removal to anaerobic biodegradation (Table S5). VFCW are predominantly aerobic compared
with anoxic HFCW. Although it is easily biodegradable compound, the significantly higher
removal efficiency in VFCW compared with HFCW (llyas and van Hullebusch, 2020b) can be
explained by the fact that the aerobic biodegradation mainly contributes to its microbial
degradation process. The comparatively better removal efficiency in HCW than HFCW might be

due to the establishment of aerobic and anaerobic conditions.

On the other hand, the better removal efficiency of ofloxacir, 1. -estradiol, and estrone in
HFCW indicate the suitability of this type of CW for the ‘rea'ment of wastewater containing
these EOCs. For instance, the removal of 17R-estradio! “*a. higher in HFCW (79%) compared
with HCW (55%), VFCW (54%), and FWSCW (53%" (F2ure 6), although exhibits statistically
significant difference only with FWSCW (IIas o=d van Hullebusch, 2020c). Some studies
ascribed its removal to anaerobic biodegio”ation in CWs (Table S5), and in river water and
anaerobic sediments (Jurgens et al., 2002} which is evident by its better removal in HFCW-
anaerobic compared with VFCW-ae.2ic. However, its moderate removal in all types of CWs
might be due to the other m:>io, orocesses responsible for its removal such as sorption onto

organic surfaces, biotransior.nauon into estrone, plant uptake, and photodegradation (Table S5).

In further contrast, the \/~CW showed better performance for the removal of clarithromycin,
ibuprofen, naproxen, salicylic acid, estriol, and testosterone, which is coherent with the dominant
removal mechanism (aerobic biodegradation) of these PhCs and SHs in CWs (Table S5). For
instance, the removal efficiency of ibuprofen with VFCW was much higher (79%) compared
with HCW (62%), FWSCW (57%), and HFCW (53%) (Figure 6). However, its removal
efficiency exhibits significant differences only in the case of FWSCW and HFCW (llyas and van

Hullebusch, 2020a). It is easily biodegradable compound (Hijosa-Valsero et al., 2011) and its
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major removal process in CWs is aerobic biodegradation. The higher removal efficiency in
VFCW-aerobic compared with HFCW-anoxic can be explained by the fact that the aerobic
biodegradation mainly contributes to its microbial degradation process (Table S5). However, the
moderate removal in all types of CWs indicate the contribution of other removal pathways such
as plant uptake, adsorption, and photodegradation (Table S5). Photodegradation may take place
only in unplanted free water surface (FWS) on top of horizontal flow filter (HFF) (Reyes-

Contreras et al., 2012).
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Finally, the HCW performed best for the removal of diclofenac, erythromycin, gemfibrozil,
sulfamethazine, sulfamethoxazole, and 17a-ethinylestradiol. For instance, the removal efficiency
of diclofenac was better in HCW (56%) compared with VFCW (50%), FWSCW (42%), and
HFCW (39%) (Figure 6), although shows statistical differences only with HFCW (llyas and van
Hullebusch, 2020a). Its lower to moderate removal efficiency might be due to the presence of
chlorine in its structure, which makes it highly recalcitrant to biodegradation (Kimura et al.,
2005). Some studies suggested that high redox potential in CWs could promote its removal by
aerobic biodegradation (Table S5). In contrast, it has alse hecr suggested that its removal
efficiency could be enhanced under anaerobic conditions ‘biodegradation) (Table S5). Several
studies attributed the higher removal of diclofenac in HCVW compared with HFCW and VFCW
due to the coexistence of aerobic and anaerobic ¢~adidons in HCW (e.g., Hijosa-Valsero et al.,
2010; Avila et al., 2014; Kahl et al., 2017; Nir ala et al., 2019). For instance, Nivala et al. (2019)
reported that the removal of diclofenac .» HCW, VFCW, and HFCW was 77%, 53%, and 25%,
respectively. In FWSCW, it is mair'v 1 >rioved by photodegradation (Table S5). Its high removal
by photodegradation was achie ‘ed \n hydroponic microcosm (79 + 2%) (Zhang et al., 2012,
2013), and it was confirmed b, *.s higher removal in the unplanted HCW system (FWS on top of
the HFF) (29%) duriy summer which provides the most appropriate environment for

photodegradation compared with planted HCW (1.7%) (Reyes-Contreras et al., 2012)
3.2.2.1. Decision on the suitable type of CWs for the given list of EOCs

The decision on the suitable type of CWs can be made based on the performance of CWs for the
removal efficiency of selected EOCs. The available scientific evidence in the literature indicated
that FWSCW is the most suitable type of CW for the treatment of wastewater containing

acetaminophen, oxytetracycline, sulfadiazine, and triclosan. The HFCW performed better for the
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removal of ofloxacin, 17R-estradiol, and estrone, and VFCW showed comparatively better
removal efficiency of clarithromycin, ibuprofen, naproxen, salicylic acid, estriol, and
testosterone. However, HCW s the best for the removal of diclofenac, erythromycin,
gemfibrozil, sulfamethazine, sulfamethoxazole, and 17a-ethinylestradiol. These results indicate

that there is no single CW most suitable to treat the list of EOCs under consideration.
3.2.3. Step 3: Selection of CWs based on selected EOCs

In the case of selected EOCs, HCW and VFCW showed better pe.formance for the removal of
six out of 19 EOCs (Supplementary materials 4: Figure S2, T2 one option could be to select
either HCW or VFCW for the treatment of wastewater co:.taining these EOCs, although HFCW
and FWSCW are the best type of CWs for the rem2val of wnree and four out of 19 EOCs under

consideration, respectively.

The other option is to consider integreted des,jn to ensure the contribution of different removal
mechanisms to the removal of these EL =5 in CWSs as mentioned in the previous step. Several
studies indicated the need of int2g.~tea design of HCW that should contain features of different
types of CWs. For instance, the 1 oquired aerobic and anaerobic environments to achieve efficient
removal of EOCs ner.~si.ate combining VFCW with HFCW (Hijosa-Valsero et al., 2010; Avila
et al., 2014; Kahl et al., u17; Nivala et al., 2019) to achieve reductive and oxidative processes in
CWs (e.g., Armenante et al., 1992; Master et al., 2002; Vymazal, 2005). On the other hand, the
other types of HCWs such as FWSCW combined with VFCW and/or HFCW are also known to
enhance the performance of CWs for the removal of conventional parameters (Vymazal, 2013).
Consistent with that the integrated design of CWs by combining all the three types of CWs:
VFCW, HFCW, and FWSCW can enhance the performance of the system for the removal of

multiple types of EOCs.
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3.2.3.1. Decision on final type of CW system

An integrated design of HCW by combining VFCW, HFCW, and FWSCW is recommended as

the best option for the removal of 19 selected EOCs.
3.2.4. Step 4: Design and operational parameters of the recommended CW

The DTFT-CW did calculations of the design and operational parameters of four types of CWs
for the removal of selected 19 EOCs, which are given in Table 2. The focus in this section is to
investigate suitable design and operation parameters of HCW that \/as selected as the best CW
type for the EOCs under consideration. The mean and steau>rd deviation of area, depth, HLR,
HRT, and OLR, and best-count in the case of plants & d st pport matrix provide initial range of
values for engineering design of the proposed H Y/ (Table 2). Further insights are discussed
here based on a few studies involving HC'w 12 investigated HCWs were a combination of
different types of conventional CWs such a. VFCW + HFCW, HFCW + VFCW, VFCW +
VFCW, HFCW + HFCW, HCW incl 1¢«ir; FWSCW, and also multistage of more than two types
of CWs (llyas et al., 2020b; Ilyas «d van Hullebusch, 2020a, 2020b, 2020c). Only a few studies
considered the integrated dosigr, of CWs by combining all the three types of CWs (FWSCW,
HFCW, and VFCW) (Av.'a £ al., 2014, 2015; Vystavna et al., 2017; Sgroi et al., 2018), which

are discussed in detail heire.

Avila et al. (2014) investigated the performance of a pilot-scale HCW (two parallel VFCWs
alternating their operation followed by HFCW and FWSCW operating in series) in Spain to treat
primary effluent. The wastewater was spiked with different categories of EOCs (PhCs, PCPs,
SHs, and ICs). The PhCs, PCPs, and SHs were 17a-ethinylestradiol, acetaminophen, diclofenac,
ibuprofen, oxybenzone, tonalide, and triclosan. The removal efficiency of PhCs (acetaminophen,

diclofenac, and ibuprofen) was high (80% to 100%) at three HLRs (0.06, 0.13, and 0.18 m*m™ d"
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!y and OLRs (37, 110, and 159 g COD m™ d™*) with corresponding HRTSs (4.0, 2.0, and 1.5 days).
The area required per population equivalent (PE) for three configurations was 2.7, 0.9, and 0.6
m? PE™, respectively. However, the removal efficiency decreased with increasing HLR and
OLR, and decreasing HRT and area requirements. Similarly, the removal efficiency of PCPs
(oxybenzone, tonalide, and triclosan) was high (85% to 96%) at three HLRs, OLRs, HRTSs, and
areas. Nevertheless, the removal efficiency decreased with increasing HLR and OLR, and
decreasing HRT and area. The corresponding removal efficiency ¢ 17a-ethinylestradiol (SHs)
was 76%, 73%, and 67%, respectively, which also indicated the Zimilar pattern at three HLRs,

OLRs, HRTSs, and areas.
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Table 2. Design and operational parameter values derived from available scientific evidence related to the selected 19 EOCs.

Depth Area HLR OLR HRT
CW type (m) (m® PEY) (m*m?d?  (gCODm?d? (days) Plant Support matrix
Mean + Stdev Mean # Stdev Mean + Stdev Mean + Stdev Mean + Stdev  Based on Best-Count  Based on Best-Count
FWSCW 0.61+0.24 10.29 + 7.33 0.12 £ 0.09 23.66 + 21.32 4,76 +1.78 Typha angustifolia Gravel
HFCW 0.68 £0.14 6.75+2.03 0.48 £0.58 18.25 +9.96 552 +3.12 Phragmites australis Gravel
VFCW 0.60£0.11 5.88 + 4.56 0.14 £ 0.07 29.66 + 16.15 2.19 £ 2.07 Phragmites australis Sand
HCW 1.09 +0.30 6.43 + 3.83 0.24 £0.20 84.54 + 95.36 5.59 + 2.62 hragmites australis Gravel

Note: Data is  taken from llyas et al (20204, 2020b); llyas and van Hullebusch (2019, 2020c, 2020d).
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A full-scale HCW by combining two VFCWs followed by HFCW and FWSCW operating in
series was examined by Vystavna et al. (2017) for the secondary treatment of hospital
wastewater in Ukraine. The different categories of 12 EOCs (PhCs, PCPs, and SHs) were found
in primary treated wastewater, which were acetaminophen, androstenedione, caffeine,
carbamazepine, diclofenac, estrone, ibuprofen, ketoprofen, naproxen, propranolol, triclosan, and
venlafaxine. The removal efficiency of PhCs (acetaminophen, caffeine, carbamazepine,
diclofenac, ibuprofen, ketoprofen, naproxen, propranolol, and ven.a‘axine) was low to moderate
(< 25% to > 50%) at two HLRs (0.02 and 0.03 m*m™? d™) and 7L (2.1 and 4.4 g COD m? d?)
with corresponding HRTs (10 and 13 days). In contrast wi. the study by Avila et al. (2014) the
removal efficiency of PhCs increased with increasing i '*_R and OLR. Similarly, the removal
efficiency of triclosan (PCPs) was high (979%) vit'i increasing HLR, OLR, and HRT, and
moderate (50%) at low HLR, OLR, ad '{RT. The corresponding removal efficiency of
androstenedione (SHs) was 45% and 5574 respectively, which also indicated the similar pattern
at two HLRs, OLRs, and HRTs. Mevcrtaeless, the removal efficiency of estrone (SHs) (43%)

was not affected with increasiny HLR, OLR, and HRT.

Sgroi et al. (2018) invecugy.teu the performance of a pilot-scale HCW (VFCW, HFCW, and
FWSCW connected in ser es) in Spain to treat primary effluent. The PhCs and PCPs selected for
treatment were caffeine, trimethoprim, sulfamethoxazole, N,N-diethyl-meta-toluamide, and
sucralose. The removal efficiency of caffeine, trimethoprim, and sulfamethoxazole was 99%,
100%, and 74%, respectively at HLR of 0.1 m*m™ d™* and OLR of 40 g COD m d™. The depth
of VFCW, HFCW, and FWSCW was 0.8, 0.3, and 0.5 m, respectively and the area required per
PE was 1.6 m? PE™. The removal efficiency of N,N-diethyl-meta-toluamide 80%. However,

sucralose was not removed under these design and operational conditions.
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Avila et al. (2015) explored the treatment performance of a full-scale HCW (VFCW, HFCW,
and FWSCW connected in series) in Spain for the removal of EOCs (PhCs and PCPs) from
primary treated combined sewer effluent (i.e., domestic wastewater together with the urban
runoff). The PhCs and PCPs identified in wastewater were acetaminophen, diclofenac,
ibuprofen, tonalide, and triclosan. The removal efficiency of acetaminophen, diclofenac, and
ibuprofen was 99%, 86%, and > 99%, respectively at HLR of 0.04 m®*m?d*, OLR of 11 g COD
m d™ with corresponding HRT of 7.4 days. The depth of VFC\W, HFCW, and FWSCW was
0.8, 0.4, and 0.3 m, respectively and the area required per ™t :as 11 m? PE™. The removal
efficiency of tonalide and triclosan was 94% and 77%, vespectively under these design and

operational conditions.

Although the removal efficiency of most of the stuuizd EOCs was high in HCWs constructed by
connecting VFCW, HFCW, and FWSCv!' in series, the design and operational parameters
showed a wide range of variation. Thereicre, the users may select the final design according to
their context and by considering m.os: reievant scientific evidence based on the results of DTFT-

CW (Table 2) and most relevat i.*erature.

In addition to the above- men ioned design and operational parameters of CWs, suitable type of
plants and a support matr'x in CWs also play a pivotal role in enhancing the performance of the
system for the removal of EOCs. llyas and van Hullebusch (2019, 2020c, 2020d) conducted a
comprehensive and critical review of the performance and a comparison of all types of planted
and unplanted CWs for the removal of PhCs, PCPs, and SHs based on available literature. The
role of support matrix in the removal of these categories of EOCs by using the substrate material

of high adsorption capacity, rich in organic/inorganic surfaces, and high surface area is also
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summarized in these studies. A brief description on the role of plants and a support matrix in the

removal of EOCs is given here, and details can be found in the given literature.

In the case of PhCs, the removal efficiency of diclofenac, ibuprofen, naproxen, salicylic acid,
caffeine, carbamazepine, gemfibrozil, and sulfamethoxazole was higher in the planted CWs
compared with unplanted CWs. Large variety of plants were used in different types of CWs for
the removal of PhCs. For instance, Cyperus alternifolius, Phragmites australis, Salix alba,
Scirpus Validus, Spirodela polyrhiza, Thalia dealbata, Typha anusiifolia, and Typha latifolia.
Nevertheless, the most commonly used plants were Phragm’es ~ustralis and Typha angustifolia
(llyas and van Hullebusch, 2019). In the case of PCPs, -~ pianted CWs performed better for the
removal efficiency of galaxolide, methyl dihydrojasrion.te, tonalide, and triclosan compared
with unplanted CWs. Different types of plants are sed in all types of CWs for the removal of
PCPs depending upon the availability o r.ants in different climatic regions. For example,
Landoltia punctate, Lemna minor, Phragites australis, Spirodela polyrhiza, Thalia dealbata,
Typha angustifolia, and Typha lat’ro.’a. However, the most widely used plants were Phragmites
australis and Typha angustifc'ia ‘llyas and van Hullebusch, 2020d). In the case of SHs, 17a-
ethinylestradiol showed siynicantly higher (almost twice) removal efficiency in planted
compared with unplanted ~Ws. Among the plants used in different types of CWs for the removal
of SHs were Cyperus isocladus, Juncus effuses, Myriophyllum, Phragmites australis, and Typha
latifolia. However, Cyperus isocladus and Eichhornia crassipes were used in planted CWs while

comparing their performance with unplanted CWs (llyas and van Hullebusch, 2020c).

Next to the plants, in CWs adsorption to the substrate and/or sorption onto organic/inorganic
surfaces is one of the major removal mechanisms that could contribute to eliminating PhCs,

PCPs, and SHs from wastewater. The performance of different types of CWs for the removal of
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PhCs was examined by using substrate material of high adsorption capacity, rich in
organic/inorganic surfaces, and high surface area such as sand, gravel (volcanic/river), light
expanded clay aggregates (LECA), oyster shell, zeolite, medical stone, ceramic, brick particle-
based media, vesuvianite (natural porous medium), and soil organic matter (SOM). The
performance of CWs for the removal of PhCs was enhanced by using several of these substrates

(llyas and van Hullebusch, 2019).

The performance of CWs for the removal of PCPs was improva? b, using different substrates
such as sand, manganese oxides (birnessite) coated sand, ar«d yravel (volcanic/river). All these
substrates improved the removal efficiency of PCPs in ~'Nrs (llyas and van Hullebusch, 2020d).
Similarly, several substrate media were tested to enhar.ce .~e removal efficiency of SHs in CWs
such as palm mulch-organic substrate media, g~ive., :apilli, and bamboo charcoal (llyas and van

Hullebusch, 2020c).
3.24.1. Decision on values of ue.iar, and operational parameters

Integrated design of HCW hy combining VFCW, HFCW, and FWSCW in series is
recommended for the remnval of multiple types of EOCs (PhCs, PCPs, and SHs) from
wastewater. The recr.,~mond:d values of design and operational parameters are based on the
available scientific eviuecnce. The range of values for operational parameters could be: HLR:
0.24 + 0.20 m* m? d*; OLR: 84.54 + 95.36 g COD m™? d!; and HRT: 5.59 + 2.62 days. The
overall depth of HCW could be 1.09 + 0.30 m, while the depths of VFCW, HFCW, and FWSCW
could be 0.7, 0.4, and 0.3 m, respectively. The area required per PE can be in the range of 6.43 +
3.83 m? PE™. We propose to distribute the area among the three types of CWs according to a
weighting factor estimated based on the number of EOCs for which each type of CW was best

suited. For example, in the case of selected 19 EOCs, the highest weight was given to VFCW
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followed by FWSCW and HFCW (Figure S2). The weights for VFCW, HFCW, and FWSCW
were estimated as 0.46, 0.23, and 0.31; hence, the proposed area of each unit was estimated as

3.0, 1.5, and 2.0 m?* PE™,

Based on available scientific evidence as mentioned-above different types of plants can be used
in all types of CWs for the removal of these types of EOCs depending upon the availability of
plants in different climatic regions. Nevertheless, in addition to the use of most investigated
plants such as Phragmites australis and Typha angustifolia prie=*tv chould be given to use the
plants which were at least considered in few studies sucn «> Cyperus alternifolius, Thalia

dealbata, and Typha latifolia.

Similarly, as indicated above several types of subst ~tes mawerials (high adsorption capacity, rich
in organic/inorganic surfaces, and high surfare «vea) can be used as a support matrix in different
types of CWs to enhance the removal effic.ncy of EOCs. However, in addition to the use of
sand and gravel (volcanic/river), the us> 0. any of the investigated substrate materials such as
LECA, zeolite, brick particle-ba-=d 1.edia, vesuvianite, SOM, manganese oxides (birnessite)
coated sand, palm mulch-orgarn.~ substrate media, lapilli, and bamboo charcoal can be beneficial

to improve the performar e o CWs.
3.2.5. Step 5: Comparison of observed and predicted removal efficiency of EOCs

The DTFT-CW readily provides the estimates on observed and predicted removal efficiencies of
the selected 19 EOCs. The results are available in Tabular and Graphical form for the review of
the users. For example, Figure 7 displays the mean and standard deviation of the observed and
predicted removal efficiency of the selected 19 EOCs in case of HCWs. The observed values are

based on the synthesis of the experimental studies, while predicated efficiencies are calculated
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using multiple linear regression models of removal efficiency based on physicochemical

properties of the EOCs, and design and operational parameters of the CWs.

The results show reasonably good removal efficiency for most of the EOCs, as 15 out 19 EOCs
indicated removal efficiency of above 50% on average. Testosterone indicated highest removal,
while erythromycin depicted lowest removal efficiency. However, in general, the performance of

the proposed CW system could be considered acceptable in most cases.

Moreover, the users are advised to consider uncertainties aris’nyg frum experimental data and
prediction modelling process. For example, the analysis -evels that there is a quite large
uncertainty range shown by high standard deviation in caz~ uf observed removal efficiencies of
half of the selected 19 EOCs (Figure 7). This in-icates considerable differences in removal
efficiencies under different environmental an. operational conditions of CWs (llyas et al.,
2020a). The performance of HCWs is no. investigated by the experimental studies for the
removal of erythromycin, ofloxacin, 7. su.fadiazine. Therefore, the comparison of the observed
removal efficiency of these PhC+ is ot possible with the predicted removal efficiency. The
predictions of the removal e:ficiency of ofloxacin and sulfadiazine in HCW indicate the
moderate removal of the e P\Cs form the wastewater (79 + 22% and 61 + 10%, respectively).
However, the predicted .emoval efficiency of erythromycin was low (25 = 4%) in HCW.
Nevertheless, in most cases where the comparison was possible, the mean of predicted removal
efficiency is in close agreement with the observed values, as it falls well within the range of
standard deviation in most cases (Figure 7). The observed removal efficiency of oxytetracycline
is very low in HCW (2.0%) and the predicted removal efficiency shows its moderate to high

removal in HCW (71 = 32%). In contrast the observed removal efficiency of gemfibrozil is very
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high in HCW (95%) and the predicted removal efficiency shows its low to moderate removal in

HCW (37 £ 12%). However, in both cases the number of observed data points is only one.

Nevertheless, the predictions made by various regression models is not much different from each
other, as indicated by small standard deviation of the predicted values (< 10% in most cases).
Therefore, the removal efficiencies can be predicted with reasonably good accuracy by using the
proposed individual models or by estimating mean and standard deviations based on all plausible
models. The second option is preferred because it includes uncertzing into the predicted results,
and hence include uncertainty in the decision-making process. 1 ‘owever, the predicated removal
efficiencies should be interpreted with caution. These przictions could not be taken as absolute
numbers; neither these should be considered as a subs*.tut. for rigorous experimental studies for

a given context.
3.2.5.1. Decision on performance

The performance of the recommend:d +.ZW is acceptable for the removal of the selected 19
EOCs, which are classified unde~ 1.:1h environmental risk category and included in the EU watch

list.
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PhCs

2012150152 T,

suonsyg

JoLsg

[OTpeISI[AUT IR
OLT

[01pensa-g .|

URSO[ILIT

Jjozexojeurejng

suIZRIOWRINS

5 nzetpeying

pIoB JT[Ad1[RS

ampAdeny X0

UBXOIO

uaxoxden

uagoxdngg

[1201qG W0

udAWwonIAIg

seudJOPIJ

U AWOILIRD

uaydouruue)ady

o o o o O o o o o O
= T B e T i oo T o

100

(24) £2UadNJa [eAOUIIY

36
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4, Conclusions

CWs have been extensively investigated for the treatment of wastewater containing different
categories of EOCs. However, the research is lacking on developing tools for supporting
decision making process on the design and operation of CWs and associated performance for the
removal of EOCs. In this study, we developed and applied two novel tools to aid decision
making process: first, a novel decision tree framework, and secono, a data and information-based

tool to support the application of decision tree framework.
The following specific conclusions are drawn from this wo:*.

1. The proposed decision tree framework demonstr-.ces :igh potential to improve knowledge
and support applications for the remov=l o EOCs by different types of CWSs. The
comprehensive coverage on various a.~zcts of CW design, operation, and performance is
supported by best available scie~tn.~ evidence. The tool could be useful for multiple
decision makers such as policy ~akers, design engineers and operators, research scientists,
educationists, and citizenc

2. A novel data and in‘ori, ation tool (named as DTFT-CW) readily provides sound scientific
information and data to support the application of the proposed decision tree framework.
The current version is able to provide data and information for 59 EOCs (33 PhCs, 15 PCPs,
and 11 SHs).

3. The proposed tools are applicable in various context as demonstrated in the case of 19 EOCs
(13 PhCs, one PCPs, and five SHs), which pose high environmental risk including six EOCs
that are included in the EU watch list. This application provides a useful guide for the

decision makers to use the proposed tools in any given context.
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An integrated design of HCW by combining VFCW, HFCW, and FWSCW in series is
recommended for the removal of multiple types of EOCs (PhCs, PCPs, and SHs) from
wastewater. Thus, most widely used HFCW(s) (either alone or in combination) could be re-
designed and replaced with integrated systems when multiple types of EOCs needs to be
treated.

The decision tree framework tool provides preliminary information on several design and
operational parameters as well as the expected performance o: .Most suitable CW system for
any sub-set of the 59 examined EOCs. For example, for *~=,22ommended HCW to treat 19
selected EOCs, preliminary values of design and oper«‘ional parameters are suggested based
on the available scientific evidence. The range of v ~wes for operational parameters could
be: HLR: 0.24 + 0.20 m*m? d™!; OLR: 84.584 - 91,.36 g COD m™ d; and HRT: 5.59 + 2.62
days. The overall depth of HCW cruld be 1.09 £ 0.30 m, while the depths of VFCW,
HFCW, and FWSCW could be 0.7, 0.4, and 0.3 m, respectively. The area required per PE
can be in the range of 6.43 + 2 83 " PE™. Different types of plants can be used in all types
of CWs for the removal of ‘hese types of EOCs depending upon the availability of plants in
different climatic repi~ns. "levertheless, priority should be given to the most investigated
plants proven to in.nrove the performance of CWs such as Phragmites australis, Typha
angustifolia, Cyperus alternifolius, Thalia dealbata, and Typha latifolia. Similarly, several
types of substrates materials with high adsorption capacity, rich in organic/inorganic
surfaces, and high surface area can be used in different types of CWs to enhance the
removal efficiency of EOCs. Therefore, in addition to the use of sand and gravel
(volcanic/river), the use of any of the investigated substrate materials such as LECA, zeolite,

brick particle-based media, vesuvianite, SOM, manganese oxides (birnessite) coated sand,
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palm mulch-organic substrate media, lapilli, and bamboo charcoal can be beneficial to
improve the performance of CWs.

6. The proposed tools could be further enhanced in the future by including more EOCs,
reducing uncertainty in the used data sets, and including more areas of interests for the

decision makers.
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A decision tree framework is proposed to support EOCs removal by CWs

A data and information-based tool (named as DTFT-CW) is developed for 59 EOCs
DTFT-CW provides quick information needed to apply the decision tree framework
DTFT-CW provides information for design, operation, and performance of CWs

HCW (combining VFCW, HFCW, and FWSCW) is the best for the removal of multiple
EOCs
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