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Abstract: This research presents the correlation analysis of selected design and operational factors
(depth, area, hydraulic and organic loading rate, and hydraulic retention time), and physicochemical
parameters (pH, temperature, and dissolved oxygen) of constructed wetlands (CWs) with the removal
efficiency of personal care products (PCPs). The results demonstrated that the removal efficiencies of
the studied PCPs exhibit a significant correlation with two or more of these factors. The role of plants in
the removal of PCPs is demonstrated by the higher performance of planted compared with unplanted
CWs due to direct uptake of PCPs and their aerobic biodegradation. The enhanced removal of PCPs
was achieved with the use of substrate material of high adsorption capacity and with high surface
area in CWs. The removal efficiency of almost all of the studied PCPs revealed seasonal differences,
but significant difference was established in the case of galaxolide and methyl dihydrojasmonate.
Most of the examined PCPs demonstrated adsorption and/or sorption as their most dominant removal
mechanism followed by biodegradation and plant uptake. Therefore, the efficient removal of PCPs
demands the integrated design ensuring suitable environment for the occurrence of these processes
along with the optimal values of design and operational factors, and physicochemical parameters.

Keywords: constructed wetlands; design and operational parameters; personal care products;
physicochemical parameters; removal efficiency; removal mechanisms; wastewater

1. Introduction

Constructed wetlands (CWs) were comprehensively investigated for the treatment of personal care
products (PCPs) from wastewater. Among the investigated CWs are free water surface CW (FWSCW),
horizontal flow CW (HFCW), vertical flow CW (VFCW), and hybrid CW (HCW) (Tables S1–S4,
Supplementary Materials). As summarized in Table 1, most of the studies considered one or more
topics for evaluation, such as role of design and/or operational factors, role of physicochemical
parameters, effect of plants and/or support matrix, and impact of seasonality (summer and winter) on
the removal of PCPs in CWs. Several individual studies emphasized the role of plants in the removal of
PCPs by investigating the performance of planted and unplanted CWs (Table 1). Some recent studies
investigated the effect of support matrix on the removal of PCPs by using the substrate material of
high adsorption capacity and with high surface area (Table 1). The influence of other governing factors
on the performance of CWs for the removal of PCPs such as the physicochemical parameter (pH,
temperature, and dissolved oxygen-DO) and operational factors (hydraulic loading rate-HLR and
hydraulic retention time-HRT) was examined by some researchers (Table 1). Furthermore, several
studies considered the effect of seasonality (summer and winter) on the removal of PCPs to emphasize
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the impact of temperature on their removal mechanisms in CWs (Table 1). An in-depth examination of
these studies revealed that correlation analysis of design and operational factors, and physicochemical
parameters with the removal efficiency of PCPs was conducted within individual studies (also a limited
number) but not between studies, as well as for the removal of a limited number of PCPs. For instance,
in the case of operational factors, the correlation analysis was conducted only on the role of HRT in
the removal of PCPs and by Matamoros and Salvadó [1]. Similarly, in the case of physicochemical
parameters, the correlation analysis to investigate their impact on the removal of PCPs was conducted
by Hijosa-Valsero et al. [2,3] and Vymazal et al. [4].

Table 1. The design, operational, and physicochemical parameters of studied constructed wetlands
(CWs) and corresponding references.

Design, Operational, and
Physicochemical Parameters References

Operational Factors
Hydraulic loading rate Matamoros et al. [5]; Ávila et al. [6,7]; Dai et al. [8]
Organic loading rate Matamoros et al. [9]

Hydraulic retention time
Matamoros et al. [10]; Matamoros and Salvadó [1]; Ávila et al. [6];
Herrera-Cárdenas et al. [11]; Vymazal et al. [4]; Vystavna et al. [12];
Salcedo et al. [13]

Physicochemical Parameters
pH Hijosa-Valsero et al. [2,3]

Temperature Hijosa-Valsero et al. [2,3]; Ávila et al. [14]; Matamoros et al. [9,15];
Vymazal et al. [4]

Dissolved oxygen Hijosa-Valsero et al. [2]; Ávila et al. [6,7,14]; Chen et al. [16]; Kahl et al. [17];
Li et al. [18]; Vymazal et al. [4]; Nivala et al. [19]

Planted and Unplanted CWs Hijosa-Valsero et al. [2,3,20]; Reyes-Contreras et al. [21];
Carranza-Diaz et al. [22]; Salcedo et al. [13]; Button et al. [23]

Role of Support Matrix Ávila et al. [6]; Salcedo et al. [13]; Xie et al. [24]; Nivala et al. [19]

Effect of Seasonality
(summer and winter)

Matamoros et al. [10,15]; Hijosa-Valsero et al. [2,3]; Reyes-
Contreras et al. [21]

Furthermore, only a few studies reviewed and summarized the available knowledge on some
of the abovementioned topics with specific focus on PCPs removal by CWs [25–28]. Although these
review studies contributed in advancing the scientific knowledge on the removal of PCPs by CWs, these
studies were constrained by a limited number of existing studies on certain topics and also considered
a limited number of PCPs. Moreover, a lack of detailed statistical analysis (e.g., meta-analysis) to
establish significant correlation between PCPs removal and governing factors (design and operational
factors, and physicochemical parameters) require conducting further research to infer evidence based
general conclusions.

Therefore, the main objectives of this study are (1) to critically evaluate and summarize the
available evidence on major PCPs removal mechanisms in CWs, (2) to explore the role of design and
operational factors of CWs in PCPs removal, (3) to examine the impact of physicochemical parameters
of CWs on PCPs removal, (4) to evaluate the role of plants and a support matrix of CWs in PCPs
removal, and (5) to investigate the effect of seasonality on the performance of CWs for PCPs removal.

2. Methods

This research is based on the secondary data and a critical review of the published literature.
The research papers, review papers, and books were searched in various sources, such as Scopus,
Google Scholar, and individual journal websites, related to the performance of different types of CWs
for the removal of different categories of PCPs. The snowball sampling method yielded over 50 journal
articles published up to 2019, which were further screened and used for the purpose of this research.
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Screening was carried out to check the quality of the published data. Only peer-reviewed journal
papers were selected for this research, which helped to ensure the reliability of given data. The selected
studies have used generally accepted and reliable analytical methods such as solid phase extraction-gas
chromatography-tandem mass spectrometry (SPE-GC-MS/MS), SPE-(ultra) high performance liquid
chromatography-MS/MS (SPE-(U)HPLC-MS/MS), and liquid–liquid phase extraction-(U)HPLC-MS/MS
(LLPE-(U)HPLC-MS/MS). Instrumental detection and quantification limits described as limit of
detection and limit of quantification were in the range of 0.0002–1.0 µg L−1 and 0.00005–0.8 µg L−1,
respectively. The samples were analyzed soon after collection, as the storage time was less than one or
two days in most cases. The selected studies contained the required information on most of the key
parameters such as concentration of PCPs in influent and effluent waters, removal efficiency, biochemical
oxygen demand (BOD), chemical oxygen demand (COD), HLR, and HRT. In this way, a global database
was compiled containing information on 137 CWs that were reported in 39 peer reviewed journal
publications with case studies from 13 countries (Tables S1–S4, Supplementary Materials). This database
contains influent and effluent concentrations, removal efficiencies, and removal rates of 20 PCPs
grouped in seven categories according to their uses (Table 2).

Table 2. Studied 20 personal care products (PCPs) categorized according to their uses.

No. of
Categories Category Personal Care Products

1 Artificial sweetener Sucralose, Acesulfame
2 Preservatives Methylparaben, Propylparaben

3 Insect repellent N, N-diethyl-3-methyl benzoylamide, N, N-diethyl-3-methylbenzamide,
N, N-diethyl-meta-toluamide

4 Antiseptics Triclosan, Triclocarban
5 Fragrances Cashmeran, Celestolide, Galaxolide, Methyl dihydrojasmonate, Tonalide

6 Flame retardants Tributyl phosphate, Triphenyl phosphate,
Tris (2-chloroethyl) phosphate

7 Sunscreen agents Hydrocinnamic acid, Oxybenzone, Sulisobenzone

The design, operational, and physicochemical parameters of CWs such as treatment scale and
type, wastewater type, depth, area, HLR, organic loading rate (OLR), HRT, experiment duration,
system age, filter media, temperature, pH, effluent DO, and oxidation-reduction potential (ORP) of
four types of CWs (FWSCW, HFCW, VFCW, and HCW) were considered to examine their influence
on the removal of PCPs. Some of these parameters are summarized in Table 3; details are provided
in Tables S1–S4 (Supplementary Materials). The information on the physicochemical properties of
PCPs was gathered from various sources (e.g., journal papers, reports, and websites) for molecular
formula/structure/weight, water solubility, dissociation constant (pKa), organic carbon sorption
coefficient (Log Koc), octanol–water partition coefficient (Log Kow), and distribution coefficient
(Log Dow) (Table S5, Supplementary Materials).

Firstly, a comprehensive analysis of the investigated PCPs was carried out based on the
studied literature and the mechanisms responsible for their removal were identified (Table 4).
Secondly, statistical analysis was conducted to estimate the mean and standard deviation of the
selected studied variables. Pearson correlation was estimated to examine the influence of selected
design and operational factors (depth, area, HLR, HRT, and OLR), and physicochemical parameters
(pH, temperature, and effluent DO) on the performance of CWs for PCPs removal. The statistical
comparison between planted and unplanted CWs, as well as in summer and winter seasons for the
removal efficiency of PCPs was done with a z-Test for comparison of means.
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Table 3. Summary of selected design, operational, and physicochemical parameters of the studied four
types of CWs.

Design, Operational,
and Physicochemical Parameters FWSCW HFCW VFCW HCW

Number of CWs 24 57 12 38
Number of studies 8.0 15 8.0 19
Scale of application Lab, Pilot, Full Lab, Pilot, Full Lab, Pilot Lab, Pilot, Full

Type of treatment Primary,
Secondary, Tertiary

Primary,
Secondary, Tertiary

Primary,
Secondary

Primary,
Secondary, Tertiary

Depth (m) 0.8 ± 0.9 0.5 ± 0.1 0.8 ± 0.1 0.8 ± 0.4
Area (m2 PE−1) 12 ± 8 6.6 ± 5.7 4.3 ± 3.4 9.0 ± 6.9

HLR (m3 m−2 d−1) 0.1 ± 0.1 0.5 ± 1.1 0.07 ± 0.03 0.1 ± 0.3
OLR (g COD m−2 d−1) 15 ± 18 32 ± 20 27 ± 20 24 ± 30

HRT (days) 6.1 ± 9.4 4.9 ± 4.6 3.2 ± 3.2 4.7 ± 7.8
pH 6.9 ± 0.3 7.4 ± 0.6 7.4 ± 0.7 7.4 ± 0.4

Temperature (◦C) 13 ± 6 17 ± 6 19 ± 2 15 ± 6
Effluent DO (mg L−1) 1.4 ± 2.4 1.7 ± 2.2 5.4 ± 3.0 2.0 ± 1.9

Note: Free water surface CW (FWSCW); horizontal flow CW (HFCW); vertical flow CW (VFCW); hybrid CW
(HCW); population equivalent (PE); hydraulic loading rate (HLR); organic loading rate (OLR); chemical oxygen
demand (COD); hydraulic retention time (HRT); dissolved oxygen (DO).

3. Results and Discussion

3.1. Removal Mechanisms of PCPs in CWs

In CWs various physical, chemical, and biological processes such as volatilization,
photodegradation, adsorption/sorption, biodegradation, and plant uptake occur at the same time
(Figure 1). However, the dominance of removal mechanisms depends on the design of CWs [26,29].
For instance, in FWSCW, the major removal mechanism of PCPs is photodegradation, though
biodegradation and plant uptake also contribute to the overall performance. In HFCW and VFCW,
due to the prevailing anaerobic and aerobic conditions, the corresponding anaerobic and aerobic
biodegradation is obvious for the removal of PCPs among other main processes such as sedimentation
and adsorption.

The removal mechanisms are identified for 15 out of 20 examined PCPs for which three or
more data points were available. In most of the examined PCPs, adsorption to the substrate and/or
sorption to organic surfaces is the most dominant removal mechanism followed by biodegradation
(aerobic and anaerobic), and plant uptake (planted CWs), which explains the variation in their removal
efficiency in different types of CWs (FWSCW, HFCW, VFCW, and HCW) (Table S6, Supplementary
Materials). Several researchers suggest that physicochemical properties of PCPs play a crucial role in
their removal mechanisms in CWs (Table 4, Table S5, Supplementary Materials). The physicochemical
properties of PCPs, which play considerable role in the removal processes, are governed by molecular
weight/structure, solubility in water, Log Koc, Log Kow, Log Dow, cationic or anionic nature
(pKa/charge), and presence of certain elements (e.g., chlorine) (Table S5, Supplementary Materials).
Detailed discussion on the performance comparison of different types of CWs and on the role of
physicochemical properties of PCPs in their removal mechanisms can be found in Ilyas and van
Hullebusch [30].
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Figure 1. A schematic representation of the removal mechanisms of personal care products (PCPs) in
constructed wetlands (CWs).

Table 4. Removal mechanisms of 15 widely studied PCPs in CWs.

Class/PCPs Possible Removal
Mechanism References Dominant Removal

Mechanism *

Artificial sweeteners

Acesulfame Biodegradation (aerobic) Kahl et al. [17]; Nivala et al. [19] Biodegradation
(aerobic)

Preservatives

Methylparaben Plant uptake Anjos et al. [31]; Petrie et al. [32]

Plant uptake;
Biodegradation

(aerobic);
Photodegradation **

Biodegradation
(aerobic)

Matamoros et al. [9,15];
Anjos et al. [31]; Chen et al. [33]

Photodegradation Chen et al. [33]
Hydrolysis Chen et al. [33]

Volatilization Chen et al. [33]

Propylparaben Plant uptake Anjos et al. [31]

Plant uptake;
Biodegradation

(aerobic);
Photodegradation **

Biodegradation
(aerobic) Anjos et al. [31]

Photodegradation NA

Insect repellents

N, N-diethyl-meta-toluamide Biodegradation (aerobic) Li et al. [18]; Sgroi et al. [34] Biodegradation
(anaerobic) **

Biodegradation
(anaerobic) Yi et al. [35]; Sgroi et al. [34]
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Table 4. Cont.

Class/PCPs Possible Removal
Mechanism References Dominant Removal

Mechanism *

Antiseptics

Triclosan Adsorption

Carranza-Diaz et al. [22];
Chen et al. [16]; Liu et al. [36];
Xie et al. [24]; Button et al. [23];
Wang et al. [37]

Adsorption;
Biodegradation

(aerobic);
Photodegradation

Sorption Ávila et al. [7]; Vystavna et al. [12]

Biodegradation (aerobic)

Ávila et al. [6,7,38]; Zhang et al. [26];
Zhao et al. [39]; Chen et al. [16];
Liu et al. [36]; Li et al. [18];
Vymazal et al. [4]; Xie et al. [24];
Button et al. [23]; Chen et al. [33];
Wang et al. [37]

Biodegradation
(anaerobic) Park et al. [40]; Vystavna et al. [12]

Photodegradation

Matamoros and Salvadó [1];
Zhang et al. [26]; Ávila et al. [7,38];
Matamoros et al. [15]; Li et al. [18];
Vymazal et al. [4]; Vystavna et al. [12];
Francini et al. [41]; Chen et al. [33]

Plant uptake

Zhang et al. [26]; Liu et al. [36];
Dai et al. [8]; Li et al. [18];
Vymazal et al. [4];
Francini et al. [41]; Xie et al. [24]

Triclocarban Sorption Zhu and Chen [42]; Vymazal et al. [4] Sorption **

Fragrances

Methyl dihydro-jasmonate Biodegradation (aerobic)
Matamoros et al. [5,15];
Hijosa-Valsero et al. [2,3,20,43]; Reyes-
Contreras et al. [21]

Biodegradation
(aerobic);

Plant uptake
Biodegradation

(anaerobic) Hijosa-Valsero et al. [2]

Plant uptake
Hijosa-Valsero et al. [2,20];
Reyes-Contreras et al. [21];
Salcedo et al. [13]

Retention
processes Hijosa-Valsero et al. [20]

Cashmeran Sorption Matamoros and Salvadó [1] Sorption **;
Adsorption **

Adsorption NA

Galaxolide Plant uptake
Hijosa-Valsero et al. [2,20];
Reyes-Contreras et al. [21];
Salcedo et al. [13]

Sorption;
Adsorption

Adsorption Hijosa-Valsero et al. [2,20];
Reyes-Contreras et al. [21]

Retention
processes Hijosa-Valsero et al. [20]

Sorption onto
organic surfaces

Matamoros et al. [5,15];
Hijosa-Valsero et al. [2,3]; Matamoros
and Salvadó [1];
Carranza-Diaz et al. [22]

Tonalide Plant uptake Hijosa-Valsero et al. [2,20];
Reyes-Contreras et al. [21]

Sorption;
Adsorption

Adsorption Hijosa-Valsero et al. [2,20];
Reyes-Contreras et al. [21]

Retention
processes Hijosa-Valsero et al. [20]

Sorption onto
organic surfaces

Matamoros et al. [5,15];
Hijosa-Valsero et al. [2,3]; Matamoros
and Salvadó [1]; Ávila et al. [6,14,38];
Carranza-Diaz et al. [22]

Photodegradation Ávila et al. [7,38]



Water 2020, 12, 1367 7 of 19

Table 4. Cont.

Class/PCPs Possible Removal
Mechanism References Dominant Removal

Mechanism *

Flame retardants

Tributyl phosphate Biodegradation Matamoros et al. [15]
Sorption **;

Biodegradation
(aerobic) **

Sorption NA

Triphenyl phosphate Biodegradation Matamoros et al. [15]
Biodegradation

(aerobic) **;
Sorption **

Sorption NA

Tris (2-chloroethyl) phosphate Recalcitrant to
biodegradation

Matamoros and Salvadó [1];
Matamoros et al. [9,15] Sorption **

Sorption NA
Plant uptake NA

Sunscreen agents

Oxybenzone Biodegradation (aerobic) Matamoros and Salvadó [1];
Ávila et al. [6,7,14]

Adsorption **;
Biodegradation

(aerobic); Sorption
Sorption Matamoros and Salvadó [1]

Adsorption NA

Sulisobenzone NA NA Biodegradation
(aerobic) **

Note: Authors’ own insight based on physicochemical properties, removal mechanisms, and limited evidence in the
literature (*). Authors’ own insight based on physicochemical properties and removal mechanisms (**).

3.2. Influence of Design and Operational Factors of CWs on the Removal of PCPs

The Pearson correlation statistics presented in Table S7 (Supplementary Materials) revealed that
design and operational parameters of CWs such as depth, area, OLR, HLR, and HRT play an essential
role in their performance for the removal of PCPs, though the level of their influence is variable.
Furthermore, it is noteworthy that the removal of PCPs in CWs might not only relate to one design
and/or operational parameter; all the parameters might directly or indirectly impact their removal.

3.2.1. Depth

The depth revealed a positive correlation with the removal efficiency of five out of six studied
PCPs, although exhibited a significant positive correlation only with the removal efficiency of tonalide
and oxybenzone (Figure 2; Table S7, Supplementary Materials). Rühmland et al. [44] demonstrated
that biodegradation is the major removal pathway of emerging organic contaminants (EOCs) during in
situ degradation experiment by achieving their almost similar removal at all water depths, as well
as in the dark control. The adsorption to the substrate media and sorption onto carbon rich surfaces
are slow processes [32], which might contribute more efficiently when the depth of the system is
increased, which indirectly increases contact time with the media. Therefore, the positive correlation of
the removal efficiency of PCPs with depth indicates the major contribution of biodegradation (aerobic
and anaerobic) in the removal of triclosan, methylparaben, and oxybenzone (Table 4). The positive
correlation with the removal efficiency of tonalide and galaxolide suggests their adsorption and sorption
onto organic surfaces (Table 4). On the other hand, the removal efficiency of methyl dihydrojasmonate
demonstrates a negative correlation with the depth of the system (although non-significant), which
designates that uptake by the plants is its major removal mechanism, which is more appropriate when
the system is not very deep so that the roots of the plants can easily take up the PCPs.
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DO were 75, 76, 76, 75, 73, 49, 37, and 52, respectively; Tonalide: the number of data points in the
case of depth, area, HLR, OLR, HRT, temperature, pH, and effluent DO were 53, 55, 57, 54, 52, 53, 47,
and 54, respectively; Triclosan: the number of data points in the case of depth, area, HLR, OLR, HRT,
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DO were 6, 7, 10, 7, 8, 7, 4, and 7, respectively; Oxybenzone: the number of data points in the case
of depth, area, HLR, OLR, HRT, temperature, pH, and effluent DO were 10, 11, 14, 10, 10, 13, 9,
and 12, respectively.

3.2.2. Area

Area exhibited a significant positive correlation with the removal efficiency of methyl
dihydrojasmonate (Figure 2; Table S7, Supplementary Materials). Although the cost of operation
increases due to large land area, the resulting longer HRT contributes to the performance enhancement
of CWs for PCPs removal [1,10,11], which are removed by slow processes such as adsorption to
the substrate media, sorption onto the organic surfaces, plant uptake, anaerobic biodegradation,
and photodegradation [10,32,45]. Herrera-Cárdenas et al. [11] achieved the enhanced removal of
methyl dihydrojasmonate with increase in HRT from three to five days (50% and 70%, respectively) in an
HFCW, and the removal of methyl dihydrojasmonate is attributed to plant uptake by several researchers
(Table 4). The removal of triclosan is ascribed to adsorption and/or sorption, photodegradation, plant
uptake, as well as anaerobic biodegradation (Table 4). In contrast, the significant negative correlation
of the removal efficiency of methylparaben with land area, which is mainly removed by plant uptake,
as well as the negative correlation (although non-significant) of the removal efficiency of tonalide
and galaxolide, which are removed by their adsorption and sorption onto organic surfaces (Table 4),
suggests a more significant impact of other design and operational parameters on their removal.

3.2.3. HLR

The significant negative correlation of HLR with the removal efficiency of three PCPs (triclosan,
methylparaben, and oxybenzone) (Figure 2; Table S7, Supplementary Materials) indicates the reduction



Water 2020, 12, 1367 9 of 19

in their removal with increasing HLR [5–8] in HFCW, VFCW, and HCW. This is evident by the reduction
in removal efficiency of tonalide, oxybenzone, and triclosan at an HLR of 0.13 m3 m−2 d−1 (85%, 92%,
and 92%, respectively) compared with an HLR of 0.06 m3 m−2 d−1 (95%, 96%, and 96%, respectively)
in HCWs [7] (Table S4, Supplementary Materials). A higher HLR translates to a high number of
pulses per day, which reduces the oxygen transfer capacity. Similarly, the removal of hydrophobic
compounds attributed to their adsorption onto particulate matter decreases due to lower contact
time [7]. Therefore, if the system is operated at high HLR for a longer period of time, the removal
efficiency of PCPs, which are removed by aerobic biodegradation and adsorption onto particles is
significantly affected [8]. Several studies attributed the removal of triclosan and oxybenzone to
aerobic biodegradation, as well as adsorption of triclosan to the substrate (Table 4). On the other hand,
the positive correlation (although non-significant) of the removal efficiency of methyl dihydrojasmonate,
tonalide, and galaxolide, which are removed by plant uptake, and their adsorption and sorption onto
organic surfaces (Table 4) designates that other design and operational parameters might play more
crucial role in their removal in CWs.

3.2.4. OLR

OLR demonstrated a positive correlation with the removal efficiency of tonalide, triclosan,
methylparaben, and oxybenzone, although a significant positive correlation only with the removal
efficiency of methylparaben (Figure 2; Table S7, Supplementary Materials). The enhanced removal
efficiency of tonalide, triclosan, oxybenzone, and methylparaben was observed in HFCW upon
increasing OLR from 14 g COD m−2 d−1 (41%, 67%, 74%, and 16%, respectively) to 38 g COD m−2

d−1 (51%, 73%, 85%, and 60%, respectively) [9] (Table S2, Supplementary Materials). The negative
correlation of OLR with the removal efficiency of galaxolide and methyl dihydrojasmonate (Figure 2)
designates the negative influence of wastewater strength, indicating the higher performance of the
system loaded with low strength wastewater and vice versa. In contrast, Matamoros et al. [9] reported
the improvement in the removal efficiency of galaxolide and methyl dihydrojasmonate in HFCW
upon increasing OLR from 14 g COD m−2 d−1 (42% and 56%, respectively) to 38 g COD m−2 d−1

(59% and 60%, respectively) (Table S2, Supplementary Materials). The HLR of the system exhibits
a positive correlation with OLR. The microbial activity for the degradation of pollutants enhances
when the organic matter is added into the wetlands but to a certain HLR. However, if the HLR
increases beyond the loading capacity of the system, the reduction in HRT decreases the contact
time of pollutants with the microbes, which leads to the poor treatment performance of the system.
In addition to that, the porosity of the CWs could be reduced due to microbial overproduction and
plant growth at high HLR [46]. Several studies ascribed the removal to adsorption and/or sorption
in the case of galaxolide and aerobic biodegradation to methyl dihydrojasmonate (Table 4). On the
other hand, the positive correlation of the removal efficiency of triclosan and methylparaben with OLR
indicates that their removal is favored by several other pathways including biodegradation (anaerobic),
hydrolysis, volatilization, and photodegradation (Table 4).

3.2.5. HRT

HRT revealed a significant correlation with the removal efficiency of three PCPs (galaxolide,
tonalide, and oxybenzone) (Figure 2; Table S7, Supplementary Materials). The different mechanisms
contribute to the removal of PCPs in CWs including adsorption, sorption, plant uptake, anaerobic
biodegradation, and photodegradation are slow processes [10,12,32,45], which necessitate the
availability of longer HRT in CWs for their improved removal. Several studies attributed the
removal of galaxolide and tonalide to adsorption and sorption onto organic surfaces, which is
evident by the significant positive correlation of their removal efficiency with HRT (Figure 2; Table 4,
Table S7, Supplementary Materials). Similarly, the removal efficiency of methyl dihydrojasmonate and
methylparaben showed a positive correlation with HRT (although non-significant) (Figure 2; Table S7,
Supplementary Materials), which are mainly removed by plant uptake (Table 4). Salcedo et al. [13]
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reported the enhanced removal of galaxolide and methyl dihydrojasmonate in HFCW with increasing
HRT from one to five days. The corresponding removal efficiency of galaxolide was 50 ± 14% and 88 ±
4%, respectively, and the removal efficiency of methyl dihydrojasmonate was 59 ± 16% and 91 ± 5%,
respectively. The removal efficiency of oxybenzone exhibits a significant negative correlation with
HRT, which might be due to its removal by aerobic biodegradation. Contrarily, the removal efficiency
of triclosan showed a negative correlation with HRT (although non-significant) (Figure 2; Table S7,
Supplementary Materials), its removal is ascribed to photodegradation and anaerobic biodegradation
(Table 4). Nevertheless, Vystavna et al. [12] observed the higher removal efficiency of triclosan with an
increase in HRT from 10 to 13 days (50% and 97%, respectively) (Table S4, Supplementary Materials).
The longer HRT enhances the performance of the system, but a smaller land area expected with a
shorter HRT could lower the cost of operation [11]. Herrera-Cárdenas et al. [11] reported the enhanced
removal efficiency of galaxolide, tonalide, and methyl dihydrojasmonate in an HFCW at an HRT of five
days (79%, 86%, and 70%, respectively) but with a shorter HRT of three days, the removal efficiency
was comparatively less (about 50%), and hence, the toxicity of the effluent was higher.

3.3. Influence of Physicochemical Parameters of CWs on the Removal of PCPs

The physicochemical parameters of CWs such as pH, temperature, and effluent DO influence
the removal of PCPs, which is evident by the statistics of Pearson correlation among physicochemical
parameters and the removal efficiency of PCPs (Figure 2; Table S7, Supplementary Materials).

3.3.1. pH

The development of plants as well as nitrification and heterotrophic microbial activities in CWs
requires optimal pH values (near neutral) [2,47]. The pH of the influent wastewater controls several
biotic processes [2] and the degree of ionization of the ionizable compounds [48], therefore, it can
be considered an important parameter. The presence of plants in CWs regulates the pH (~ 7.5) and
influences the treatment performance [49]. The high effluent pH affects the adsorption behavior of
EOCs due to their dissociation and subsequent attachment to soil/sediment by ion exchange [45].
Additionally, the pH of the system is positively correlated with DO, which enhances the removal of
PCPs for which aerobic conditions are more favorable. The pH value showed a positive correlation
with the removal efficiency of two of the six studied PCPs (galaxolide and tonalide) (Figure 2; Table S7,
Supplementary Materials), which might be due to the fact that one of their major removal mechanisms
is adsorption (Table 4). On the other hand, the negative correlation (although non-significant) of the
removal efficiency of triclosan and oxybenzone (Figure 2; Table S7, Supplementary Materials), which
are removed by adsorption and/or sorption processes (Table 4), as well as the negative correlation of the
removal efficiency of methyl dihydrojasmonate and methylparaben (Figure 2; Table S7, Supplementary
Materials), which are removed by plant uptake and aerobic biodegradation (Table 4), designates that
other physicochemical parameters might play a more significant role in their removal in CWs.

3.3.2. Temperature

Temperature exhibited a positive correlation with the removal efficiency of five of the six studied
PCPs, although significant positive correlation with the removal efficiency of galaxolide, methyl
dihydrojasmonate, and tonalide (Figure 2; Table S7, Supplementary Materials). Some studies revealed
that microbial degradation is their possible removal pathway in CWs, which is enhanced at warm
temperature (15–25 ◦C), particularly in the case of nitrifying and proteolytic bacteria [2,9,15,47].
The positive correlation of the removal efficiency of PCPs with temperature verifies that biodegradation
is one of the removal pathways in the case of methyl dihydrojasmonate and triclosan (Table 4) and
sorption onto organic surfaces in the case of galaxolide and tonalide (Table 4), which are enhanced at
warm temperature [2,3,10,15,21]. This can be explained by the higher removal efficiency of galaxolide
and tonalide at high temperature (in summer) (65 ± 24% and 62 ± 21%, respectively) compared with
low temperature (in winter) (42 ± 26% and 45 ± 26%, respectively) (Table S8, Supplementary Materials).
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Contrarily, the better removal efficiency of triclosan at low temperature (45%) compared with high
temperature (35%) [15] (Table S4, Supplementary Materials) was ascribed to its adsorption onto soil
particles following complex formation with metal ions because the abiotic processes like adsorption
are exothermic processes and favored by low temperature [21]. The positive correlation of the removal
efficiency of methylparaben with temperature (although non-significant) might be due to its removal
by plant uptake and biodegradation (Table 4). Matamoros et al. [15] reported the comparatively better
removal efficiency of methylparaben at high temperature than at low temperature (56% and 33%,
respectively) (Table S4, Supplementary Materials). The major removal mechanisms of oxybenzone
are biodegradation and sorption, which are enhanced at higher temperature. However, the removal
efficiency of oxybenzone shows a negative correlation with temperature, which is in agreement
with the limited available evidence. For instance, Matamoros et al. [15] reported the comparatively
better removal efficiency of oxybenzone at low temperature than at high temperature (87% and 78%,
respectively) (Table S4, Supplementary Materials), which suggests that adsorption might contribute to
its removal at low temperature.

3.3.3. Effluent DO

The effluent DO exhibits a positive correlation with the removal efficiency of five of the six
studied PCPs, although a significant positive correlation is with the removal efficiency of galaxolide,
tonalide, and triclosan (Figure 2; Table S7, Supplementary Materials), which represents the importance
of DO in the removal processes of these PCPs as noted by several studies (e.g., References [3,6,7]).
For instance, Ávila et al. [6] attributed the enhanced removal efficiency of tonalide (83%) in aerated
(AA) VFCW compared with non-aerated (NA) VFCW (61%) to the elevated level of DO in AA-VFCW
compared with NA-VFCW (5.2 and 3.4 mg L−1, respectively) (Table S3, Supplementary Materials).
Similarly, the authors observed the better removal efficiency of oxybenzone and triclosan in AA-VFCW
(91% and 86%, respectively) compared with NA-VFCW (89% and 73%, respectively). The available
evidence suggests that aerobic biodegradation is one of the major removal mechanisms of methyl
dihydrojasmonate, triclosan, and oxybenzone in CWs (Table 4). Although some studies attributed
the removal of methylparaben to aerobic biodegradation (Table 4), the removal efficiency of this
PCP with effluent DO revealed a negative correlation (although non-significant) (Figure 2; Table S7,
Supplementary Materials), which is in contradiction with our expectations and difficult to explain
based on available studies.

3.4. Effect of Plants and Support Matrix of CWs on the Removal of PCPs

In this section, the effect of plants and support matrix of CWs on the removal of PCPs is synthesized
based on the available evidence in the studies, which are examined in this review.

3.4.1. Effect of Plants

Several studies suggested that biotic pathways such as microbial and plant uptake are the most
feasible degradation mechanisms for some PCPs [1,2,8,10,18,20,32,38]. The removal efficiency in
the planted beds was improved compared with unplanted beds due to stimulatory effects of plants
presences such as degradation by enzymatic exudates and insulation against low temperatures [2].
Additionally, plant roots facilitate the release of oxygen and root exudates (such as carbohydrates and
amino acids) in the rhizosphere, which provide favorable conditions for the growth of microorganisms
and promote aerobic degradation (e.g., References [2,13,43]). Several plants like Phragmites australis,
Typha angustifolia, and Typha latifolia, which are examined for the treatment of PCPs in CWs, showed
their contribution in the removal of PCPs [2,32]. For instance, Petrie et al. [32] observed the uptake
of methylparaben by Phragmites australis and calculated its high concentration (197 µg kg−1) in
the plants. The authors reported the distribution of methylparaben in different parts of the plant.
Its concentration within the roots was 152 µg kg−1 and within the stem was in the range of 106–246
µg kg−1. However, its higher concentration in the leaves (352 µg kg−1) indicated that the rate of its
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translocation within the plant is higher than the rate of transformation. Anjos et al. [31] reported the
almost similar removal efficiency of methylparaben in FWSCW planted with Landoltia punctata and
Lemna minor (91% and 89%, respectively).

Some studies designated the inconsistent effect of different plant species on the removal of
a certain PCP in CWs. For instance, Hijosa-Valsero et al. [20] detected the highest concentration
of galaxolide in an FWSCW (Typha angustifolia) compared with an HFCW (Phragmites australis)
(858 and 220 µg kg−1, respectively). Contrarily, Salcedo et al. [13] reported its highest removal in an
HFCW (Phragmites australis) compared with two others planted HFCWs (Typha latifolia and Cyperus
papyrus). The corresponding removal efficiency was 82 ± 14%, 57 ± 23%, and 68 ± 19%, respectively,
which was much higher compared with the removal efficiency in an unplanted system (37 ± 12%).
Similarly, Hijosa-Valsero et al. [2] revealed that an FWSCW (Phragmites australis) was more efficient for
the removal of methyl dihydrojasmonate (96%) compared with an FWSCW (Typha angustifolia) (82%).
On the contrary, Salcedo et al. [13] reported its highest removal in an HFCW (Typha latifolia) compared
with two others planted HFCWs (Phragmites australis and Cyperus papyrus). The corresponding removal
efficiency was 90 ± 9%, 68 ± 17%, and 77 ± 20%, respectively. The higher removal efficiency with the
system planted with Typha latifolia was attributed to its greater transpiration rate compared with other
plants. The removal efficiency with the systems planted with Phragmites australis and Cyperus papyrus
was somewhat similar to the removal efficiency with an unplanted system (71 ± 19%).

Consistent with the removal of above-mentioned PCPs, Zhao et al. [39] reported that the effect
of plant species exists on the removal of triclosan. Its removal efficiency in three HFCWs planted
with Typha angustifolia, Salvinia natans, and Hydrilla verticillata was 91%, 87%, and 81%, respectively.
The highest removal efficiency in an HFCW planted with Typha angustifolia was attributed to the
occurrence of highest quantity of bacteria in this CW, which was possibly because of its capability
of oxygen release in its rhizosphere. On the other hand, Liu et al. [36] observed its almost similar
removal efficiency in three FWSCWs planted with Cattail (98%), Hornwort (98%), and Lemna minor
(99%). Although it was not detected in the leaves of Cattail, its concentration estimated in the leaves
of Hornwort and Lemna minor was 5.7 ± 0.2 and 7.2 ± 0.5 µg g−1, respectively. Analogous to that,
Francini et al. [41] indicated its somewhat similar removal efficiency in two VFCWs planted with
Phragmites australis and Salix matsudana (84% and 83%, respectively). Furthermore, Wang et al. [37]
calculated its translocation factor (zero or below 1.0) from roots to the shoots of the plant, which
indicates rhizofiltration as one of the sources of its remediation. Although Li et al. [18] reported that
Spirodela polyrhiza contributed to its removal that was evident by its removal in a planted FWSCW
(95%) and an unplanted FWSCW (84%), Button et al. [23] observed its similar and complete removal
(100%) in a planted VFCW (Phalaris arundinacea) and an unplanted VFCW.

The effect of plants in CWs has also been examined for the removal of galaxolide, methyl
dihydrojasmonate, tonalide, and triclosan by considering their removal efficiency in planted and
unplanted CWs (Table 1). Statistical comparison was carried out for the removal efficiency of
galaxolide, methyl dihydrojasmonate, and tonalide in planted and unplanted CWs as sufficient data
were not available in the case of triclosan (Table S8, Supplementary Materials). Although the removal
efficiency of galaxolide, methyl dihydrojasmonate, and tonalide was higher in the planted CWs
compared with unplanted CWs (Figure 3), the results of the z-Test for comparison of means for
statistical significance or non-significance of observed differences (Table S9, Supplementary Materials)
indicated non-significant differences in the removal efficiency of methyl dihydrojasmonate and tonalide.
The non-significant differences in the removal efficiency of tonalide are consistent with the results
obtained by Ávila et al. [50]. They reported that uptake by the plants is not significant for highly
hydrophobic compounds. Reyes-Contreras et al. [21] suggested the efficient contribution of plants
when they are young because the aging effect (e.g., clogging or shading) might lead to non-significant
differences in the treatment performance of planted and unplanted CWs. For instance, the removal
efficiency of galaxolide in a planted HCW and an unplanted HCW was 76% and 69%, respectively.
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The corresponding removal efficiency of methyl dihydrojasmonate was 89% and 82%, respectively,
and the removal efficiency of tonalide was 67% and 62%, respectively.
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Figure 3. The removal efficiency (mean and standard deviation) of PCPs in planted and unplanted
CWs. Note: Galaxolide: “a” shows the significant difference in the removal efficiency in planted and
unplanted CWs at α = 0.05 (p < 0.05). The number of observations for studied PCPs in planted and
unplanted CWs is given in Table S8 (Supplementary Materials).

3.4.2. Effect of Support Matrix

Several studies recognized the removal of PCPs in CWs by their adsorption onto substrate media
and/or sorption onto organic rich surfaces. Therefore, some recent studies examined the influence of
substrate material of high adsorption capacity and surface area on the removal of PCPs. For instance,
Xie et al. [24] studied the removal of triclosan as a typical PCP in a VFCW using manganese (Mn)
oxides (birnessite) coated sand (B-VFCW) and in a control VFCW without (birnessite) coated sand
(C-VFCW). Its removal efficiency was more than 91% in B-VFCW with the minimum concentration of
5.0 mg L−1. However, in C-VFCW, the average removal efficiency was 84% with the minimum effluent
concentration of 13 mg L−1, which was significantly higher than the B-VFCW (p < 0.05). The higher
removal in B-VFCW was attributed to the strong adsorptive capacity of Mn oxides and hydrophobicity
of triclosan. The amount of triclosan adsorbed by Mn-oxide coated sand was higher (28 ng g−1)
compared with the uncoated sand (19 ng g−1). Similarly, Salcedo et al. [13] observed moderate to high
removal of galaxolide and methyl dihydrojasmonate in an unplanted HFCW using different substrate
material (volcanic gravel and river gravel). The corresponding removal efficiency of galaxolide was
52% and 50%, respectively, and the removal efficiency of methyl dihydrojasmonate was 86% and
88%, respectively.

Analogous to that, Ávila et al. [6] verified the efficient performance of an unsaturated sand-based
VFCW compared with an unsaturated gravel-based VFCW for the removal of PCPs. The enhanced
performance of sand-based VFCW was attributed to a larger available surface area provided by sand
media for microbial growth, as well as the provision of higher oxygen to promote the elimination
of substances that are mainly removed via aerobic biodegradation process. This is explicit by the
higher effluent DO of a sand-based VFCW compared with a gravel-based VFCW (5.5 and 3.4 mg L−1,
respectively). The removal efficiency of tonalide, oxybenzone, and triclosan was 61%, 89%, and 73%,
respectively in the gravel-based VFCW and the corresponding removal efficiency was 78%, 96%,
and 89%, respectively, in a sand-based VFCW. Consistent with the previous study, the beneficial effect
of sand filter was observed for the removal of acesulfame. It was negatively removed in a gravel-based
VFCW (−5%), but its moderate removal (54%) was achieved in a subsequent sand-based VFCW [19].
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3.5. Effect of Seasonality on the Removal of PCPs

Several studies reported the effect of seasonality on the removal of PCPs by indicating the difference
in their removal efficiency in summer and winter. This might be due to the difference in external
temperature, which directly affects water temperature and oxygen solubility [17,19] while regulating
the removal processes of PCPs in CWs such as biodegradation, plant uptake, and adsorption/sorption
processes. It has been reported that high temperature (in summer) improves biodegradation processes
and activity of the plants [2,3,15,21,47] including higher transpiration rate, which is a key variable
that determines the rate of PCPs uptake by the plants [3,51] and higher photodegradation rate [10,52].
In contrast, the abiotic processes like adsorption being exothermic are favored by low temperature (in
winter) [21]. The effluent temperature of the studied CWs in summer and winter was 18 ± 2 and 7.0 ±
2.2 ◦C, respectively, and the corresponding effluent DO was 1.0 ± 1.4 and 1.3 ± 1.6 mg L−1, respectively
(Tables S1–S4, Supplementary Materials).

The removal efficiency of 10 PCPs during summer and winter periods is given in Table S8
(Supplementary Materials). Statistical comparison was conducted for the removal efficiency of a
few PCPs in summer and winter, as adequate data were not available in other cases (triclosan,
tributyl phosphate, triphenyl phosphate, tris (2-chloroethyl) phosphate, cashmeran, methylparaben,
and oxybenzone) (Table S8, Supplementary Materials). The results of the z-Test for comparison of
means for statistical significance or non-significance of observed differences during summer and
winter (Table S9, Supplementary Materials) in the removal efficiency of three PCPs are substantiated
by Figure 4 and are discussed in detail.Water 2020, 12, x FOR PEER REVIEW  12 of 20 
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Figure 4. The removal efficiency (mean and standard deviation) of PCPs with different types of CWs in
different seasons. Note: Galaxolide and methyl dihydrojasmonate: “a” shows the significant difference
in the removal efficiency during summer and winter at α = 0.05 (p < 0.05). The number of observations
for studied PCPs for seasonal effect is given in Table S8 (Supplementary Materials).

The removal efficiency of galaxolide was higher in summer (65 ± 24%) compared with winter
(42 ± 26%) (Table S8, Supplementary Materials) and exhibits statistically significant differences (Figure 4;
Table S9, Supplementary Materials). This could be due to its sorption onto organic surfaces (Table 4).
The roots of the plants in the CWs increase the accumulation of organic matter as well as the sorption
capacity [1], which might be enhanced in summer compared with winter due to the higher activity of
the rooted plants in the warm season [2,3,10,15,21].

The removal efficiency of methyl dihydrojasmonate was much higher in summer (88 ± 7%)
compared with winter (52± 19%) (Table S8, Supplementary Materials) and shows statistical significance
in the differences (Figure 4; Table S9, Supplementary Materials). This could be due to its removal by
plant uptake and biodegradation (Table 4) that are enhanced in summer [2,3,15,21].
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The removal efficiency of tonalide was comparatively higher in summer (62 ± 21%) than in winter
(45 ± 26%) (Table S8, Supplementary Materials) but does not exhibit statistically significant differences
(Figure 4; Table S9, Supplementary Materials). Its main removal mechanism is sorption onto organic
surfaces (Table 4), which might be enhanced in summer compared with winter. The non-significant
seasonal differences in its removal are in agreement with the results of Matamoros et al. [15]. The authors
reported its almost similar removal efficiency in an HCW during summer and winter (88% and 90%,
respectively) (Table S4, Supplementary Materials). Furthermore, the non-significant seasonal differences
in the removal efficiency of PCPs could be due to the high presence of root biomass from plants,
which could enhance the rhizosphere sorption and plant uptake of PCPs when biodegradation was
suppressed in winter [16]. These processes might be the dominant removal pathways of PCPs in winter
being less temperature-sensitive compared with biodegradation [10,16,17,19,21]. Furthermore, several
studies suggested that sorption processes in CWs become more complex when the wastewater matrix
becomes more concentrated, possibly due to the competition processes (e.g., References [21,53–55]).

4. Conclusions

This paper examines the influence of design and operational factors, and physicochemical
parameters of CWs on the removal of PCPs. The research is based on a critical review of the literature
and a statistical analysis of available data from peer-reviewed studies. Pearson correlation was
done to investigate the effect of design and operational factors (depth, area, HLR, OLR, and HRT),
and physicochemical parameters (pH, temperature, and effluent DO) of CWs on the removal efficiency
of PCPs. Additionally, the effect of plants and a support matrix of CWs, and the impact of
seasonality (summer and winter) on the removal of PCPs were comprehensively and critically
evaluated. The specific conclusions obtained from this comprehensive analysis are the following:

1. The design and operational parameters are important governing factors in CWs performance for
the removal of PCPs. HLR and HRT showed a significant correlation with the removal efficiency
of three out of six studied PCPs, whereas, depth and area were significantly correlated with the
removal efficiency of two of the studied PCPs, and OLR was significantly correlated with the
removal efficiency of one of the studied PCPs. Nevertheless, the correlation was not significant
with the removal efficiency of the same PCPs, which demonstrates that the removal efficiency
of PCPs is not affected by only one design and operational parameter but directly or indirectly
influenced by all parameters. For instance, the removal efficiency of PCPs showed a significant
correlation with three factors such as methylparaben (area, HLR, and OLR) and oxybenzone
(depth, HLR, and HRT); two factors such as tonalide (depth and HRT); and one factor such as
galaxolide (HRT), methyl dihydrojasmonate (area), and triclosan (HLR).

2. The temperature and effluent DO exhibit a significant correlation with the removal efficiency
of most of the studied PCPs (three in both cases), which indicates the importance of DO and
temperature for the enhancement of biodegradation, and subsequent removal of PCPs, which are
better removed under aerobic conditions. Temperature and effluent DO both showed a significant
correlation with the removal efficiency of galaxolide and tonalide. However, the correlation was
not significant with the removal efficiency of the same PCPs, which is evident in the case of
methyl dihydrojasmonate (temperature) and triclosan (effluent DO). Although pH did not show
a significant correlation with the removal efficiency of any of the studied PCPs, the available
evidence indicates that pH is an important parameter because it controls several biotic processes
(e.g., plants development, nitrification, and heterotrophic production) and abiotic processes (e.g.,
the attachment of ionizable PCPs to soil/sediment via ion exchange).

3. The effect of plants in CWs is explicit by direct uptake of PCPs (methylparaben, propylparaben,
and methyl dihydrojasmonate), as well as indirect positive effects such as enhancement in aerobic
biodegradation, which was considered as one of the major removal mechanisms of nine out of
15 studied PCPs. The contribution of plants (direct and indirect) in CWs is also evident by the
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higher removal efficiency of PCPs (galaxolide, tonalide, methyl dihydrojasmonate, and triclosan)
in planted CWs compared with unplanted CWs.

4. The enhanced performance of CWs can be achieved by using the substrate material
of high adsorption capacity, especially for those PCPs (triclosan, cashmeran, galaxolide,
tonalide, and oxybenzone), which are mainly removed by adsorption onto the substrate.
Furthermore, the substrate material providing a larger surface area for microbial growth and
higher oxygen is also suggested to improve the removal efficiency of PCPs, which are mainly
removed via aerobic biodegradation pathways (acesulfame, methylparaben, propylparaben,
methyl dihydrojasmonate, and sulizobenzone).

5. The comparatively higher removal efficiency of most of the examined PCPs in summer than in
winter might be due to the contribution of more removal mechanisms such as biodegradation,
plant uptake, and photodegradation at warm temperature. On the contrary, in winter only
adsorption/sorption processes are more dominant at low temperature. The removal efficiency of
almost all of the studied PCPs demonstrated seasonal differences, but significant difference in
the removal efficiency during summer and winter was established in the case of galaxolide and
methyl dihydrojasmonate.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/5/1367/s1:
Table S1. The performance of FWSCW for personal care products removal; Table S2. The performance of HFCW
for personal care products removal; Table S3. The performance of VFCW for personal care products removal;
Table S4. The performance of HCW for personal care products removal; Table S5. Physicochemical properties of
15 selected personal care products; Table S6. The removal efficiency (mean % and standard deviation) of 15 widely
studied PCPs in four types of CWs; Table S7. Pearson correlation statistics among the studied factors and six
selected PCPs; Table S8. Statistics (mean and standard deviation) of PCPs in planted and unplanted CWs and in
different seasons; Table S9. The results (p-values) of z-Test for comparison of means for the removal of PCPs in
planted and unplanted CWs and in different seasons.
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