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Abstract: This study evaluates the role of design, operational, and physicochemical parameters of
constructed wetlands (CWs) in the removal of pharmaceuticals (PhCs). The correlation analysis
demonstrates that the performance of CWs is governed by several design and operational factors (area,
depth, hydraulicloading rate, organic loading rate, and hydraulic retention time), and physicochemical
parameters (dissolved oxygen, temperature, and pH); the removal efficiency of about 50% of the
examined PhCs showed a significant correlation with two or more factors. Plants contributed
significantly in the removal of some of the PhCs by direct uptake and by enhancing the process of
aerobic biodegradation. The use of substrate material of high adsorption capacity, rich in organic
matter, and with high surface area enhanced the removal of PhCs by adsorption/sorption processes,
which are the major removal mechanisms of some PhCs (codeine, clarithromycin, erythromycin,
ofloxacin, oxytetracycline, carbamazepine, and atenolol) in CWs. Although the removal of almost
all of the studied PhCs showed seasonal differences, statistical significance was established in the
removal of naproxen, salicylic acid, caffeine, and sulfadiazine. The effective PhCs removal requires
the integrated design of CWs ensuring the occurrence of biodegradation along with other processes,
as well as enabling optimal values of design and operational factors, and physicochemical parameters.

Keywords: constructed wetlands; design and operational parameters; pharmaceuticals; physicochemical
parameters; removal efficiency; removal mechanisms; wastewater

1. Introduction

Constructed wetlands (CWs) are cost-effective and nature-based wastewater treatment
technologies that were extensively investigated for the removal of organic matter and nutrients (nitrogen
and phosphorus) (e.g., References [1-5]), as well as pharmaceuticals (PhCs) from wastewater [6-12].
Li et al. [8] conducted a review on the role of design parameters, including physical configuration,
hydraulic mode, and vegetation species, in the removal of PhCs. Consistent with that, Gorito et al. [11]
summarized the removal processes and the influence of design and operation parameters on the
removal of four PhCs by CWs (azithromycin, clarithromycin, diclofenac, and erythromycin), which are
on the priority list of the European Union (EU). Carvalho et al. [7] provided comprehensive insight
into the potential of CWs for phytoremediation. Analogous to that, Ekperusi et al. [12] only considered
the role of plants (duckweed, Lermna minor) in the removal of PhCs.

Moreover, several individual studies examined the effect of plants in CWs by considering the
removal of PhCs in planted and unplanted CWs as noted in Table 1. The role of a support matrix in the
removal of PhCs was explored by several authors, by using a substrate material of high adsorption
capacity, rich in organic surfaces, and with high surface area (Table 1). The role of operational
factors (hydraulic loading rate (HLR) and hydraulic retention time (HRT)) and physicochemical
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parameters (pH, temperature, and dissolved oxygen (DO)) was explored by some researchers (Table 1).
The role of temperature was explored by considering the effect of seasonality (summer/winter) on
the removal of PhCs by several studies (Table 1). However, detailed statistical analysis is lacking,
for example, a meta-analysis of available studies to establish significant correlation among PhC
removal and governing factors. Nevertheless, the correlation of design and operational factors, and
physicochemical parameters with the removal of PhCs was done within individual studies (also a
limited number) but not between studies, as well as only for the removal of a limited number of PhCs.
For instance, in the case of operational factors, correlation analysis was conducted only on the role
of HRT, by few studies such as Zhang et al. [13] and Matamoros and Salvadé [14]. Similarly, in the
case of physicochemical parameters, correlation analysis to investigate their impact was conducted by
Hijosa-Valsero et al. [15,16], Chen et al. [17], Matamoros et al. [18], and Vymazal et al. [19].

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

Design, Operational, and Physicochemical

References
Parameters

Operational Factors

Matarporos et al. [20]; Zhang et al. [21]; Dan et al.
[22]; Avila et al. [23]; Sharif et al. [24]

Conkle et al. [25]; Matamoros et al. [26];

Zhang et al. [13,27]; Matamoros and Salvado [14];
Hydraulic retention time (HRT) Dordio and Carvalho [28]; Verlicchi et al. [29];

Herrera-Cardenas et al. [30]; Auvinen et al. [31];

Vymazal et al. [19]; Salcedo et al. [32]

Hydpraulic loading rate (HLR)

Physicochemical Parameters

Hijosa-Valsero et al. [16]; Carvalho et al. [33];
Zhang et al. [34]

Hijosa-Valsero et al. [16]; Avila et al. [35]; Dan et al.
Temperature [22]; Verlicchi et al. [29]; Matamoros et al. [36];
Vymazal et al. [19]; Nuel et al. [37]; Zhang et al. [34]

Avila et al. [35,38]; Chen et al. [17]; Auvinen et al.
Dissolved oxygen (DO) [31,39]; Kahl et al. [40]; Li et al. [41,42]; Vymazal et al.
[19]; Zhang et al. [34]; Nivala et al. [43]

Dordio et al. [44]; Hijosa-Valsero et al. [15,16,45,46];
Xian et al. [47]; Zhang et al. [13,27]; Reyes-Contreras
et al. [48]; Carvalho et al. [33]; Dan et al. [22];
Dordio and Carvalho [28]; Carranza-Diaz et al. [49];
Macci et al. [50]; Li et al. [41,51]; He et al. [52];
Salcedo et al. [32]; Zhang et al. [34]; Button et al. [53]

Dordio et al. [44]; Dan et al. [22]; Dordio and
Carvalho [28]; Avila et al. [38]; Chen et al. [54];
Auvinen et al. [31]; Huang et al. [55]; Salcedo et al.
[32]; Park et al. [56]; Nivala et al. [43]

Matamoros et al. [26,36]; Dordio et al. [44];
Hijosa-Valsero et al. [15,16]; Reyes-Contreras et al.
[48]; Dan et al. [22]; Liu et al. [57]; Rithmland et al.
[58]; Zhang et al. [34]

pH

Planted and Unplanted CWs

Role of Support Matrix

Effect of Seasonality (Summer/Winter)

Therefore, the main objectives of this study are (1) to critically evaluate and summarize the
available evidence on major PhCs removal processes in CWs, (2) to examine the role of design and
operational factors of CWs in PhCs removal, (3) to analyze the impact of physicochemical parameters
of CWs on PhCs removal, (4) to evaluate the role of plants and a support matrix of CWs in PhCs
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removal, and (5) to investigate the temporal variations in the performance of CWs for PhCs removal
due to seasonal effects.

2. Methods

The research papers, review papers, and books were obtained from 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 PhCs. The snowball sampling method yielded over 100
journal articles, which were screened for the purpose of this research. Then, based on 65 peer-reviewed
journal publications, a database was compiled containing information of 253 CWs with case studies
from 19 countries (Tables S1-54, Supplementary Materials). Although the removal of a wide range
of PhCs (over 100) was investigated by these studies, sufficient data are not available in most of the
cases. Therefore, this database contains influent and effluent concentrations, removal efficiencies, and
removal rates of selected 26 PhCs grouped into eight categories according to their therapeutic classes
(Table S5, Supplementary Materials).

Additionally, the information on the physicochemical properties of the selected PhCs 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 S6,
Supplementary Materials). The design and operational factors, as well as physicochemical parameters
such as treatment scale and type, wastewater type, depth, area, HLR, organic loading rate (OLR),
HRT, experiment duration, system age, filter media composition, pH, temperature, effluent DO, and
oxidation-reduction potential (ORP), of four types of CWs (free water surface CW (FWSCW), horizontal
flow CW (HFCW), vertical flow CW (VECW), and hybrid CW (HCW)) were considered to examine
their role in the removal of PhCs. Some of these parameters are summarized in Table 2, and details are
provided in Tables S1-54 (Supplementary Materials). Where needed, the population equivalent (PE)
was calculated based on the common relationship, where 1 PE = 60 g of biochemical oxygen demand
(BOD)-day~!. BOD values were approximated using the ratio of chemical oxygen demand (COD) and
BOD (COD/BOD = 2) in the studies where BOD was not reported.

Table 2. Summary of selected design, operational, and physicochemical parameters of the studied four

types of CWs.
Design, Operational, and
Physicochemical FWSCW HFCW VFCW HCW
Parameters
Number of CWs 47 110 48 37
Number of studies 17 32 17 20
Scale of application Lab, pilot, full Lab, pilot, full Lab, pilot Lab, pilot, full
Type of treatment Primag; tsigi;)ndary, Primag; ziﬁ;ﬂdary’ Primag; tsizi;ndary, Secondary, tertiary
Depth (m) 0.7+ 0.8 0.6 +0.2 0.7+0.2 1.0+£0.7
Area (m2-PE™1) 10+8 7.7 £53 43+38 92+6.2
HLR (m3m~2-day~!) 0.1+0.1 04+1.0 02+0.1 01+02
OLR (g COD'm~2-day 1) 17 £25 25 + 28 62 + 102 21+30
HRT (days) 54+71 4.3+47 57+5.1 8+14
pH 71+0.6 75+ 0.6 72+04 74+04
Temperature (°C) 167 17+7 19+8 14+6
Effluent DO (mg-L™1) 13+22 1.8+2.0 34+30 24+25

Notes: Free water surface CW (FWSCW); Horizontal flow CW (HFCW); Vertical flow CW (VECW); 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).



Water 2019, 11, 2356 40f22

Firstly, a detailed analysis of the examined PhCs was conducted based on studied literature
including the designed database, which focused on therapeutic classes, types of PhCs, and identification
of the mechanisms responsible for their removal (Table 3). 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 PhC removal. The statistical comparison between planted and unplanted CWs, as well as in
summer and winter seasons, for the removal of PhCs was done with a z-test for comparison of means.

Table 3. Removal mechanisms of selected 26 pharmaceuticals (PhCs) in CWs.

Therapeutic
Class/Pharmaceutical

Possible Removal Mechanism

References

Most Dominant Removal
Mechanism *

Analgesic/Anti-Inflammatory

Biodegradation (anaerobic)

Avila et al. [38,59]; Hijosa-Valsero et al. [60]; Chen et al.
[17]; Kahl et al. [40]; He et al. [52]; Zhang et al. [34];
Nivala et al. [43]

Photodegradation;

Diclofenac . . -
Biodegradation (serobic) Hijosa-Valsero et al. [15,16,60]; Avila et al. [35,38]; biodegradation (acrobic)
€ Kahl et al. [40]
Matamoros et al. [26]; Matamoros and Salvado [14];
Photodegradation Avila et al. [23,61]; Rithmland et al. [58]; Chen et al. [17];
Francini et al. [62]; Zhang et al. [34]
Plant uptake Hijosa-Valsero et al. [15]; Zhang et al. [13,63]
Matamoros et al. [20,64]; Hijosa-Valsero et al. [15,65];
Avila et al. [23,35,38,59,61]; Matamoros and Salvado [14];
Biodegradation (aerobic) Lietal. [8]; Zhu and Chen [66]; Chen et al. [17];
Vymazal et al. [19]; Bfezinova et al. [67]; Zhang et al. [34];
Ibuprofen Nivala et al. [43] Biodegradation (aerobic)
Sorption Dordio et al. [44]; Dordio and Carvalho [28]
Adsorption Auvinen et al. [31]
Photodegradation Reyes-Contreras et al. [48]; Zhang et al. [10]
Plant uptake Hijosa-Valsero et al. [15]; Li et al. [51]
Biodeeradation Hijosa-Valsero et al. [15]; Zhang et al. [27]; Chen et al. [17];
Ketoprofen g Francini et al. [62]; Zhang et al. [34] Photodegradation
Matamoros et al. [26]; Matamoros and Salvadé [14];
Photodegradation Reyes-Contreras et al. [48]; Francini et al. [62]; Zhang et al.
[34]
Matamoros et al. [20,68]; Hijosa-Valsero et al. [15];
Biodegradation (aerobic) Matamoros and Salvadé [14]; Zhang et al. [21]; Chen et al.
N [17]; He et al. [52]; Zhang et al. [34]; Nivala et al. [43] Biodegradation (aerobic) **;
aproxen P hotodegradation
Biodegradation (anaerobic) Matamoros et al. [68]; Avila et al. [59]; Li et al. [8]; He et al. p &
& [52]; Nivala et al. [43]
. Matamoros et al. [26]; Reyes-Contreras et al. [48];
Photodegradation Hijosa-Valsero et al. [46]; Zhang et al. [34]
Plant uptake Hijosa-Valsero et al. [15]; Zhang et al. [69]; He et al. [52]
Biodegradation Hijosa-Valsero et al. [15,16]; Reyes-Contreras et al. [48];
Salicylic acid 1odes . Zhang et al. [27] Biodegradation (aerobic) **
Plant uptake Hijosa-Valsero et al. [46]
Analgesic
Biodegradation (acrobic) Avila et al. [35,61]; Koottatep et al. [70]; Li et al. [42];
Vystavna et al. [71]
Acetaminophen Biodegradation (anaerobic) Chen etal. [17] Biodegradation (aerobic) **
Photodegradation Avila etal. [61]; Lietal. [42]
Adsorption Avila etal. [61]; Koottatep et al. [70]
Sorption Chen etal. [17]
Plant uptake Lietal. [42]
. Biodegradation (aerobic) Riithmland et al. [58]; Petrie et al. [72] Sorption; biodegradation
Codeine (aerobic)
Sorption Petrie et al. [72]
Tramadol Biological transformation Rithmland et al. [58]; Chen et al. [17]; Petrie et al. [72] Biological transformation
Antibiotic
Biodegradation Hijosa-Valsero et al. [45]; Berglund et al. [73]
Clarithromycin - ., - Photodegradation; sorption
Sorption Hijosa-Valsero et al. [45]; Berglund et al. [73]

Photodegradation

Hijosa-Valsero et al. [45]; Berglund et al. [73]
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Therapeutic . . Most Dominant Removal
Class/Pharmaceutical Possible Removal Mechanism References Mechanism *
Antibiotic
Ervthromyein Biodegradation (aerobic) Rithmland et al. [58]; Chen et al. [54] Biodegradation (acrobic);
y 4 Adsorption Chen et al. [54] adsorption
Plant uptake Hijosa-Valsero et al. [45]
Lincomycin Biodegradation Chenetal. [54] Biodegradation (aerobic) **
Sorption Chen et al. [54]
R Adsorption Chen et al. [54] Biodegradation (anaerobic) **;
Ofloxacin adsorption
Biodegradation Chen et al. [54]; Yan et al. [74] P
Adsorption II?Iordlo atnd1 C[Eg}/alho [28]; Berglund et al. [73];
Oxytetracycline uang etal 1> Adsorption; plant uptake
Plant uptake Dordio and Carvalho [28]; Huang et al. [55]
Biodegradation (aerobic) Dordio and Carvalho [28]; Huang et al. [55]
Sulfadiazine Biodegradation Xian et al. [47] Biodegradation (anaerobic) **
Fermentation Dan et al. [22]
Adsorption Liu et al. [57]; Chen et al. [54]; Choi et al. [75]
. . JE— K . - Biodegradation (aerobic) **;
Sulfamethazine Biodegradation ;(;;]n etal. [47]; Liu et al. [57]; Chen et al. [54]; Choi et al. plant uptake
Fermentation Dan et al. [22]
Plant uptake Xian et al. [47]
Adsorption Choi et al. [75]; Liang et al. [76]
Sulf h ) Sorption Zhu and Chen [66] Biodegradation (aerobic;
ulfamethoxazole . . . Conkle et al. [25]; Choi et al. [75]; Sgroi et al. [77]; anaerobic) **
Biodegradation (aerobic) -
Button et al. [53]
. . . Hijosa-Valsero et al. [45]; Dan et al. [22]; Rithmland et al.
Biodegradation (anaerobic) [58]; Liang et al. [76]; Sgroi et al. [77]
Photodegradation Hijosa-Valsero et al. [45]
Plant uptake Xian et al. [47]; Hijosa-Valsero et al. [45]
Sulfapyridine Biodegradation (aerobic) Conkle et al. [25] Biodegradation (anaerobic) **
Biodegradation (anaerobic) Dan et al. [22]
Trimethoprim Biodegradation (aerobic) Hijosa-Valsero et al. [45]; Rithmland et al. [58] Biodegradation (anaerobic) **
Biodegradation (anaerobic) Dan et al. [22]
Monensin Biodegradation Chen et al. [54] Biodegradation (aerobic) **

Stimulants/Psychoactive Drugs

Caffeine

Biodegradation (aerobic)

Matamoros and Bayona [78]; Hijosa-Valsero et al. [60];
Zhang et al. [10]; Chen et al. [17]; Li et al. [42];
Vymazal et al. [19]; Vystavna et al. [71]; He et al. [52]

Biodegradation (anaerobic)

Hijosa-Valsero et al. [15]; Carranza-Diaz et al. [49];
He et al. [52]

Adsorption onto carbon-rich
surfaces of the gravel bed

Matamoros and Bayona [78]; Dettenmaier et al. [79];
Wang et al. [80]; Li et al. [42]

Plant uptake

Hijosa-Valsero et al. [15]; Zhang et al. [81]; Zhu and Chen
[66]; Chen et al. [17]; Li et al. [42]; Petrie et al. [72]

Biodegradation (aerobic) **;
plant uptake

Psychiatric drugs

Adsorption onto the available
organic surfaces

Matamoros et al. [64,82]; Hijosa-Valsero et al. [16];
Carranza-Diaz et al. [49]; Sharif et al. [24]; Vystavna et al.
[71]; Park et al. [56]

Adsorption; Sorption; plant

Carbamazepine S . Dordio et al. [44]; Dordio and Carvalho [28]; Park et al. uptake
orption [56]
Biodegradation (aerobic) Hijosa-Valsero et al. [15]
Reductive transformation Kahl et al. [40]; Nivala et al. [43]
Plant uptake 40 Petie et al. D70 Hootal 110 et
Precipitation Breitholtz et al. [83]; Vystavna et al. [71]
Venlafaxine Biological transformation Rithmland et al. [58]; Petrie et al. [72] Plant uptake; precipitation
Plant uptake Petrie et al. [72]
Beta blockers
Biodegradation (aerobic) Conkle et al. [25]; Rithmland et al. [58]
Biodegradation (anaerobic) Chen etal. [17]
Atenolol Adsorption Auvinen et al. [31]; Park et al. [56] Sorption
Sorption Petrie et al. [72]; Park et al. [56]
Photodegradation Salgado et al. [84]
Plant uptake Francini et al. [62]
Metoprolol Biodegradation (aerobic) Conkle et al. [25]; Rithmland et al. [58]; Chen et al. [17]; Biodegradation (aerobic)

He et al. [52]
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Table 3. Cont.

Therapeutic . . Most Dominant Removal
Class/Pharmaceutical Possible Removal Mechanism References Mechanism *
Lipid regulators
Gemfibrozil Biodegradation (aerobic) Conkle et al. [25]; Yi et al. [85]; Zhang et al. [34] Biodegradation (aerobic)
Diuretics
Furosemide Hydrolysis Chen et al. [17]; Vymazal et al. [19] Hydrolysis; biodegradation
iy
Photolysis Chen etal. [17] (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. Results and Discussion

3.1. Removal Mechanisms in CWs for PhCs Removal

The available evidence in the literature and physicochemical properties of PhCs indicate that
specific processes are involved in the removal of certain types of PhCs in CWs (Table 3 and
Table S6, Supplementary Materials). The complex physical, chemical, and biological processes
such as photodegradation, volatilization, adsorption/sorption, plant uptake and accumulation, and
biodegradation (aerobic and anaerobic) may occur simultaneously depending on the design of a
CW [10,11].

3.2. Role of Design and Operational Factors of CWs in the Removal of PhCs

The Pearson correlation analysis was conducted to assess the role of selected design and operational
factors such as depth, area, HLR, OLR, and HRT in the removal of PhCs. Itis evident from the correlation
statistics presented in Table 4 that these parameters play an important role in the wetland performance,
albeit with different degrees of influence.

Table 4. Pearson correlation statistics among the studied factors and the removal efficiency of 26

selected PhCs.
Parameter Depth Area HLR OLR HRT Temp pH Eff. DO
Ibuprofen 0.326 -0.115 -0.150 0.111 0.099 0.062 -0.121 0.541
Naproxen 0.199 -0.002 -0.251 0.055 0.140 0.350 —-0.169 0.348
Diclofenac 0.451 -0.279 —-0.191 -0.018 0.313 0.316 0.179 0.562
Ketoprofen 0.320 -0.249 0.053 -0.134 0.293 0.308 0.438 0.465
Salicylic acid —0.044 0.567 —0.394 -0.518 0.119 0.676 0.134 0.297
Acetaminophen 0.123 0.238 —-0.386 0.243 -0.127 —-0.201 —0.436 0.051
Codeine 0.833 0.632 -0.260 —0.986 0.072 -0.097 -0.802 -0.215
Tramadol 0.231 -0.132 —-0.487 —0.224 -0.116 0.135 -0.787 —-0.413
Sulfadiazine —0.641 -0.309 —0.042 0.230 NA 0.833 0.056 NA
Sulfamethoxazole 0.057 0.003 -0.278 -0.164 0.179 0.010 0.037 0.018
Clarithromycin 0.018 0.107 0.268 —0.624 0.544 -0.577 0.955 0.528
Erythromycin -0.050 0.628 —0.601 —0.592 0.412 —-0.149 0.554 —0.445
Lincomycin 0.000 0.609 —-0.408 —0.600 -0.508 —0.546 0.576 —0.526
Trimethoprim -0.114 0.261 —0.353 —-0.347 —-0.324 0.143 —-0.254 —-0.891
Oxytetracycline —-0.068 -0.995 -0.779 NA 0.372 NA —-0.520 NA
Ofloxacin 0.053 -0.353 0.167 0.467 -0.713 NA 0.784 0.506
Sulfamethazine —0.385 -0.006 -0.112 —-0.194 0.634 —0.246 0.413 0.333
Sulfapyridine 0.599 0.318 -0.213 -0.272 NA -0.304 0.080 NA
Monensin NA 0.280 -0.296 -0.296 NA -0.128 -0.022 0.172
Carbamazepine 0.181 —-0.211 —-0.144 0.030 0.209 0.247 0.070 —0.094
Venlafaxine 1.000 -0.307 —0.708 0.697 -0.523 0.403 -0.792 0.362
Caffeine 0.158 0.147 -0.154 0.038 0.095 0.465 -0.002 0.187
Furosemide 0.005 0.582 -0.720 —0.661 0.622 NA NA NA
Atenolol 0.227 -0.169 0.008 0.734 0.398 0.166 -0.971 -0.577
Metoprolol 0.180 -0.122 -0.405 0.602 0.100 -0.365 0.478 0.025
Gemfibrozil 0.561 0.207 —-0.247 —0.650 0.711 0.248 -0.913 0.576

Note: Bold values indicate significant correlation between the parameters at a 95% confidence level; hydraulic
loading rate (HLR); organic loading rate (OLR); hydraulic retention time (HRT); temperature (Temp); effluent (Eff);
dissolved oxygen (DO); NA: not available.
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3.2.1. Depth

The depth showed a positive correlation with the removal efficiency of 18 out of 26 studied
PhCs, along with a significant positive correlation with the removal efficiency of ibuprofen, diclofenac,
ketoprofen, sulfapyridine, and gemfibrozil (Table 4), which represents an enhancement in their removal
upon increasing the depth of the system. The removal of PhCs by biodegradation was confirmed by
their similar removal at all water depths, as well as in the dark control, during an in situ degradation
experiment [58]. The positive correlation with depth can be explained by the fact that one of the
major removal pathways is biodegradation (aerobic and anaerobic) in the case of ibuprofen, diclofenac,
ketoprofen, sulfapyridine, and gemfibrozil (Table 3). On the other hand, although the major removal
mechanism is also biodegradation in the case of sulfadiazine and sulfamethazine (Table 3), the removal
efficiency of these PhCs demonstrates significant negative correlation with the depth of the system. It
is noteworthy that the removal of PhCs in CWs might not only relate to one design parameter; all the
parameters might directly or indirectly impact their removal.

3.2.2. Area

Area exhibited a significant correlation with the removal efficiency of six PhCs (diclofenac,
ketoprofen, salicylic acid, erythromycin, lincomycin, and oxytetracycline). The significant positive
correlation with the removal efficiency of salicylic acid, erythromycin, and lincomycin (Table 4), indicates
that the high footprint facilitates the performance enhancement. Although the large land area increases
the cost of operation, a subsequent longer HRT improves the removal of PhCs (e.g., References [30,31]),
since the removal mechanisms of PhCs including adsorption/sorption onto the surfaces of the media
and the rates of plant uptake are slow [72]. Similarly, anaerobic biodegradation is slower than aerobic
biodegradation; thus, longer HRT is needed to achieve the same removal efficiency [31]. Analogous to
that, longer HRT promotes the photodegradation reactions involved in the removal of some PhCs in
FWSCWs [26]. For instance, Herrera-Cardenas et al. [30] achieved the enhanced removal efficiency of
caffeine with an increase in HRT from three to five days (50% and 89%, respectively) in an HFCW (Table
52, Supplementary Materials). The positive correlation of the removal efficiency of caffeine with area
(although not significant) (Table 4) indicates the contribution of anaerobic biodegradation, sorption
onto organic surfaces, and plant uptake to its removal in CWs (Table 3). Several studies considered
that one of the removal pathways is adsorption/sorption in the case of erythromycin and lincomycin
(Table 3). Similarly, plant uptake is attributed to salicylic acid and erythromycin (Table 3). Although
the major removal mechanisms are photodegradation and anaerobic biodegradation in the case of
diclofenac and ketoprofen (Table 3), and adsorption/sorption in the case of oxytetracycline (Table 3),
the removal efficiency of these PhCs exhibits significant negative correlation with land area, which
indicates the impact of other design and operational parameters on their removal. For instance, the
improvement in the removal efficiency with an increase in HRT from two to four days was observed
by Zhang et al. for diclofenac (49% and 55%, respectively) [13] and by Zhang et al. for ketoprofen
(91% and 96%, respectively) [27]. Similarly, Dordio and Carvalho [28] reported the improvement in the
removal efficiency of oxytetracycline (89% and 99%, respectively) with an increase in HRT from three
to nine days.

3.23. HLR

HLR showed a significant negative correlation with the removal efficiency of six PhCs (naproxen,
salicylic acid, erythromycin, trimethoprim, oxytetracycline, and venlafaxine), as well as a negative
correlation with the removal efficiency of 22 out of 26 studied PhCs (Table 4), which indicates a
decline in the performance of CWs with increasing HLR (e.g., References [22-24]). The significant
negative correlation of trimethoprim with HLR is evident by the reduction in its removal efficiency at
an HLR of 0.5 m3-m~2-day~! (57%) compared with HLRs of 0.25 and 0.125 m3-m~2-day~! (87% and
95%, respectively) in HFCWs [22] (Table S2, Supplementary Materials). Furthermore, the negative
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correlation of the removal efficiency of ibuprofen and diclofenac with HLR (although not significant) is
explicit by the reduction in their removal efficiencies at an HLR of 0.18 m*-m~2-day~! (82% in both cases)
compared with an HLR of 0.06 m&m_z-day_1 (90% and 92%, respectively) in HCWs [23] (Table 54,
Supplementary Materials). Although the removal efficiency of carbamazepine was very low in an
FWSCW (12%) at an HLR of 0.03 m3-m~2-day~!, it was further decreased by increasing the HLR to 0.06
m3 -m_2-day‘1 (4.0%) [24] (Table S1, Supplementary Materials). A higher HLR represents a high number
of pulses per day, which lowers the oxygen transfer capacity; moreover, in the case of hydrophobic
compounds, their adsorption onto particulate matter decreases due to lower contact time [23]. Thus,
the removal of those PhCs by aerobic biodegradation and by the adsorption onto particles is affected if
the system is operated at high HLR for a longer period of time. Several studies attributed the removal
of naproxen, salicylic acid, erythromycin, and trimethoprim to aerobic biodegradation (Table 3).
The major removal mechanism in the case of oxytetracycline was adsorption onto the substrate, along
with aerobic biodegradation (Table 3).

3.24. OLR

OLR showed a significant correlation with the removal efficiency of seven PhCs (salicylic acid,
codeine, erythromycin, lincomycin, trimethoprim, atenolol, and gemfibrozil). The significant negative
correlation of OLR with the removal efficiency of salicylic acid, codeine, erythromycin, lincomycin,
trimethoprim, and gemfibrozil (Table 4) highlights the influence of wastewater strength, yielding
higher performance for low-strength wastewater and vice versa. The HLR of systems and the OLR
are positively correlated with each other. The amount of organic matter going into the wetlands
increases the microbial activity, which promotes the degradation of pollutants at a certain HLR.
However, the further increase in HLR reduces the HRT and, consequently, the short contact time
with the microbes leading to lower treatment performance of the system. Additionally, a high HLR
promotes microbial overproduction and plant growth, which might reduce the porosity of the CWs [22].
Zhang et al. [27] established that, in HFCWs, PhC removal rate was linearly proportional to the
influent mass loading rate at different HRTs (two days and six days). The removal of these PhCs is
attributed to aerobic biodegradation in the case of salicylic acid, codeine, erythromycin, lincomycin,
trimethoprim, and gemfibrozil (Table 3). Several studies ascribed the removal to adsorption/sorption
in the case of codeine, erythromycin, and lincomycin (Table 3). The negative correlation (although
non-significant) of the removal efficiency of diclofenac with OLR (Table 4) is consistent with the findings
of Matamoros et al. [18]. Its removal efficiency was decreased from 24% to 14% upon increasing OLR
from 14 to 38 g COD-m~2-day~!. Nevertheless, the removal efficiency of ketoprofen exhibited a
negative correlation with OLR (Table 4), as Matamoros et al. [18] reported the improvements in
its removal in HFCW and the corresponding removal efficiency were 13% and 32%, respectively
(Table S2, Supplementary Materials). On the other hand, the significant positive correlation of the
removal efficiency of atenolol with OLR indicates that its removal is favored by several other pathways
including anaerobic biodegradation, plant uptake, and photodegradation (Table 3). Similarly, the
positive correlation with the removal efficiency of naproxen, ibuprofen, and carbamazepine (although
non-significant) can be explained by the enhanced removal of these PhCs in an HFCW upon increasing
OLR from 14 g COD-m~2-day~! (58%, 16%, and 12%, respectively) to 38 g COD-m~2-day ! (74%, 39%,
and 28%, respectively) [18] (Table S2, Supplementary Materials).

3.2.5. HRT

HRT showed a significant correlation with the removal efficiency of six PhCs (diclofenac,
ketoprofen, clarithromycin, ofloxacin, sulfamethazine, and gemfibrozil). The significant positive
correlation with the removal efficiency of diclofenac, ketoprofen, clarithromycin, sulfamethazine,
and gemfibrozil (Table 4) indicates that longer contact time improves the removal of PhCs
(e.g., References [28,30,31]). The removal of PhCs in CWs involves different mechanisms including
adsorption onto the substrate media, sorption onto carbon-rich surfaces, plant uptake, anaerobic
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biodegradation, and photodegradation, which are slow processes [26,31,72], thus requiring longer
HRT for their completion. For instance, adsorption/sorption is one of the main removal mechanisms in
the case of clarithromycin and sulfamethazine (Table 3). Similarly, plant uptake is one of the removal
pathways in the case of diclofenac and sulfamethazine (Table 3). Several studies attributed the removal
to anaerobic biodegradation in the case of diclofenac and ketoprofen (Table 3). The major contribution
in the removal of some PhCs is ascribed to photodegradation such as diclofenac, ketoprofen, and
clarithromycin (Table 3). The significant positive correlation with diclofenac is in agreement with the
observations of Vystavna et al. [71]. They reported higher removal efficiency of diclofenac with an
increase in HRT from 10 to 13 days (39% and 94%, respectively) (Table S4, Supplementary Materials).
However, some studies did not observe significant differences for the removal efficiency of PhCs at
different HRTs [13,27]. It can also be seen in Table 4 that the removal efficiency of different categories
of PhCs is not significantly correlated with HRT. Nevertheless, HRT is an important parameter for the
empirical design and operation of CWs. A smaller land area is required with a shorter HRT, which
consequently lowers the capital and operational cost [13,27,30]. Herrera-Cardenas et al. [30] reported
the enhanced removal efficiency of caffeine at an HRT of five days (96%); however, with a shorter
HRT of three days, although more than 50% of removal efficiency is achieved, the removal should be
sufficient to significantly decrease the toxicity of the effluent.

3.3. Role of Physicochemical Parameters of CWs in the Remouval of PhCs

The Pearson correlation analysis was done to observe the role of the selected physicochemical
parameters of CWs such as pH, temperature, and effluent DO in the removal of PhCs. It is evident
from the correlation statistics presented in Table 4 that these parameters play an important role in the
wetland performance, albeit with different degrees of influence.

33.1. pH

The pH of the influent wastewater can be considered an important parameter because it controls
several biotic processes [15,28]. The optimal pH values are reported to be near-neutral for plant
development, as well as for nitrification and heterotrophic microbial activities, in CWs [15,28,86].
In the case of the ionizable compounds, the extent of their removal depends on their degree of
ionization, which is controlled by the pH in the system [28], and the presence of plants influences
the performance of CWs by regulating the pH (~7.5) [33]. The high effluent pH of the CW affects the
adsorption behavior [31], since pH affects the dissociation of PhCs and their subsequent attachment to
soil/sediment via ion exchange [87]. However, the pH value showed a significant positive correlation
with the removal efficiency of five of the studied PhCs (ketoprofen, erythromycin, lincomycin, ofloxacin,
and sulfamethazine) and a significant negative correlation with the removal efficiency of gemfibrozil
(Table 4). Some studies attributed the removal to aerobic biodegradation in the case of erythromycin,
lincomycin, and sulfamethazine, as well as the removal of sulfamethazine by plant uptake (Table 3),
since the pH of the system is positively correlated with DO and, consequently, with the removal of PhCs
under aerobic conditions. Although the removal of gemfibrozil is attributed to aerobic biodegradation
(Table 3), its removal efficiency showed a significant negative correlation with pH. The significant
positive correlation with the removal efficiency of ofloxacin is due to the fact that one of its major
removal mechanisms is adsorption (Table 3).

3.3.2. Temperature

Temperature showed a significant positive correlation with the removal efficiency of six of the
studied PhCs (naproxen, diclofenac, ketoprofen, salicylic acid, sulfadiazine, and caffeine) and a
significant negative correlation with the removal efficiency of lincomycin (Table 4). Truu et al. [86]
reported that high temperature promotes the endothermic hydrolysis reaction and improves
biodegradation processes. Most of the PhCs are hydrolytically stable with a long half-life under typical
environmental conditions [88]; thus, microbial degradation is the most probable pathway for their
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removal in CWs, and it is enhanced at warm temperature (15-25 °C) [15], especially in the case of
nitrifying and proteolytic bacteria [15,86]. The removal of PhCs showed a positive correlation with
temperature, which is attributed to biodegradation in the case of naproxen, diclofenac, ketoprofen,
salicylic acid, sulfadiazine, and caffeine (Table 3). Similarly, the warm temperature also enhances
plant growth, as well as the activity of rooted plants [36] and, accordingly, the removal of PhCs by
plant uptake [15,46,50,72,74]. This can be explained by the higher removal of naproxen, diclofenac,
ketoprofen, salicylic acid, sulfadiazine, and caffeine at high temperature (in summer) compared with
low temperature (in winter) (Figure 2a,b and Tables S9 and S10, Supplementary Materials). On the
other hand, the abiotic processes like adsorption are also temperature-dependent. This is an exothermic
process and favored by low temperature. The negative correlation of temperature with the removal
efficiency of lincomycin can be explained by the fact that one of its main removal mechanisms is
sorption (Table 3).

3.3.3. Effluent DO

Effluent DO is among the most significant parameters, as indicated by its significant correlation
with the removal efficiency of eight PhCs (ibuprofen, naproxen, diclofenac, ketoprofen, salicylic acid,
lincomycin, trimethoprim, and gemfibrozil). The significant positive correlation with the removal
efficiency of ibuprofen, naproxen, diclofenac, ketoprofen, salicylic acid, and gemfibrozil (Table 4)
represents the importance of DO in the removal processes of these PhCs. These observations are
consistent with previous studies. For instance, the removal of ibuprofen, naproxen, diclofenac,
ketoprofen, salicylic acid, and gemfibrozil is ascribed to aerobic biodegradation (Table 3). Avila et
al. [38] attributed the improvement in the removal efficiency of ibuprofen (> 99%) in an aerated (AA)
VECW compared with non-aerated (NA) VFCW (95%) to the elevated level of DO in an AA-VFCW
compared with an NA-VFCW (5.2 and 3.4 mg-L~!, respectively) (Table S3, Supplementary Materials).
The significant negative correlation with the removal efficiency of lincomycin and trimethoprim
indicates that the removal of these PhCs is hindered under oxic conditions. These observations are in
agreement with previous studies. For instance, Chen et al. [54] attributed the removal of lincomycin to
anaerobic biodegradation, and Dan et al. [22] observed the removal of trimethoprim at lower ORP
(=258 mV to —192 mV), attributed to anaerobic biodegradation. Consistent with that, Avila et al. [38]
observed the better removal efficiency of diclofenac in an NA-VFCW compared with an AA-VFCW
(65% and 58%, respectively) (Table S3, Supplementary Materials).

3.4. Role of Plants and Support Matrix of CWs in the Removal of PhCs

The role of plants and a support matrix of CWs in the removal of PhCs is comprehensively
discussed based on the information available in the studies considered in this review.

3.4.1. Role of Plants

It was suggested that biotic pathways (microbial and plant uptake) are the most probable
degradation routes for some PhCs (e.g., References [32,34,42,62,72,89]). In addition to direct uptake,
the indirect positive effects of plant presence such as degradation by enzymatic exudates, as well
as release of oxygen and root exudates (such as carbohydrates and amino acids) by the plant roots
in the rhizosphere, which can provide organic carbon and a nutrient source for microorganisms,
supports them in aerobically degrading and consequently enhancing the overall bioavailability of
PhCs (e.g., References [32,37,52,90,91]). This might be the reason of the enhanced removal efficiency in
planted CWs compared with unplanted CWs. The use of plants like Phragmites australis, Typha spp.,
Typha angustifolia, and Typha latifolia, which are reported for the treatment of PhCs in CWs, indicates the
important influence of plant species on the removal of PhCs [8,62,72]. For instance, the vegetal uptake
of naproxen and carbamazepine was recognized in CWs for Typha spp. [44,46], Cyperus alternifolius [74],
and Phragmites australis [50,52,72], in addition to diclofenac uptake by Typha angustifolia [13] and
Phragmites australis [52]. For instance, Macci et al. [50] reported the higher removal efficiency of



Water 2019, 11, 2356 11 of 22

carbamazepine (61%) in a planted VFCW (Phragmites australis) compared with the unplanted system
(8.3%). However, Wang et al. [92] 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. He et al. [52]
observed almost twice the removal efficiency of naproxen in a planted HFCW (Phragmites australis)
compared with an unplanted system (97 + 3% and 50%, respectively), and Zhang et al. [13] revealed
the higher removal efficiency of diclofenac (55%) in a planted HFCW compared with an unplanted
system (41%). Similarly, the concentration of salicylic acid was higher in plants (Phragmites australis
and Typha angustifolia) due to the uptake by roots compared with adsorption [46].

Li et al. [42] reported that Spirodela polyrhiza contributed to the removal of acetaminophen.
For instance, the removal efficiency of acetaminophen in systems with and without plants was
98% and 84%, respectively. In an HFCW, the removal of erythromycin (63%) was only achieved
in the planted system (Phragmites australis), which indicates that its removal is favored by the
presence of plants [45]. Xian et al. [47] observed that, in an FWSCW, planted systems showed higher
removal efficiency of sulfamethoxazole (92%) compared with unplanted systems (73%). Similarly,
Dordio and Carvalho [28] observed that, in a VFECW, the removal efficiency of oxytetracycline was
higher (97%) in planted systems (Phragmites australis) compared with unplanted systems (89%).
Zhang et al. [81] affirmed that direct uptake, accumulation, and translocation of caffeine in plant
tissues (Scirpus validus) can be very important mechanisms for the phytoremediation of caffeine.
Almost all of the caffeine (>99%) was removed, and direct plant assimilation accounted for more
than 60% of caffeine elimination from nutrient solutions. Similarly, the detection of ibuprofen in
the leaves of Typha angustifolia with an even distribution in the lamina and sheath tissues reveals
the phytoextraction process of ibuprofen. Ibuprofen is taken up by the roots of Typha angustifolia,
and then translocates from the roots to the leaves before accumulating in leaf tissues. For instance,
root uptake of ibuprofen was partially transformed to carboxyibuprofen, 2-hydroxyibuprofen, and
1-hydroxyibuprofen in the sheath (1375, 236, and 302 ng-g~!, respectively) and in the lamina (1051, 694,
and 179 ng- g_l, respectively). The accumulation of transformation products (TPs) of ibuprofen in the
leaves of Typha angustifolia is evidence of the phytotransformation of ibuprofen in plant tissues [51].
In addition to that, He et al. [52] noted the phytotransformation of TPs of ibuprofen. They reported the
presence of hydroxyibuprofen and glucopyranosyloxy-hydroxyibuprofen (GT-hydroxy-IBP) in root
and rhizome tissues, and hydroxyibuprofen in stem and leaf tissues, which indicated the conversion of
hydroxyibuprofen to GT-hydroxy-IBP in the plant tissues. The findings of Wang et al. [92] suggested
that rhizofiltration is one of the sources of its remediation based on its estimated translocation factor
(zero or below 1.0).

Some studies designated the effect of different plant species on the removal of certain PhCs in CWs.
For instance, Francini et al. [62] observed the higher removal efficiency of atenolol (76%) in a VFCW
planted with Phragmites australis compared with a VFCW planted with Salix matsudana (52%). Salcedo
et al. [32] investigated the effect of different plant species on the removal of caffeine and reported
its highest removal efficiency in an HFCW planted with Phragmites australis compared with HFCWs
planted with Typha latifolia and Cyperus papyrus. The corresponding removal efficiency was 96 + 1%,
90 + 5%, and 82 + 12%, which was much higher compared with the unplanted system (64 + 13%).
In contrast, He et al. [52] reported the complete removal (100%) of caffeine in a planted HFCW
(Phragmites australis) and an unplanted HFCW, which is consistent with the findings of Wang et al. [92].
They calculated its translocation factor (zero or below 1.0) from roots to the shoots of the plant, which
suggests that rhizofiltration is one of the sources of its removal.

The effect of plants in CWs was also examined by considering the removal efficiency of PhCs
in planted and unplanted CWs (Table 1). Statistical comparison was not carried out for a few
PhCs, as sufficient data were not available in those cases (clarithromycin, erythromycin, lincomycin,
oxytetracycline, and metoprolol) (Tables S7 and S8, Supplementary Materials).

The removal efficiency of diclofenac, ibuprofen, naproxen, salicylic acid, caffeine, carbamazepine,
gemfibrozil, and sulfamethoxazole was higher in the planted CWs compared with unplanted CWs
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(Figure 1a,b). However, the results of the z-test for comparison of means for statistical significance
or non-significance of observed differences in planted and unplanted CWs (Table S8, Supplementary
Materials) in the removal efficiency of 13 PhCs indicated non-significant differences in the removal
efficiency of 12 PhCs. Only the removal efficiency of ibuprofen was significantly higher in planted
CWs compared with unplanted CWs (Figure 1a), which is consistent with the studies of He et al. [52]
and Zhang et al. [34]. For instance, He et al. [52] reported its significantly higher removal efficiency in
planted CWs compared with unplanted CWs (97 + 5% and 40%, respectively). The non-significant
results are also in agreement with the studies, which indicated that planted systems are more efficient
when they are young. When systems get older, some disturbing processes like clogging or shading
might lead to non-significant differences in the treatment performance of planted and unplanted
CWs [48]. For instance, the removal efficiency of carbamazepine and salicylic acid was not significantly
different in planted (Typha angustifolia) and unplanted HFCWs [13,27,48]. The removal efficiency
of carbamazepine in planted and unplanted HFCWs was 30% and 29%, respectively [13] and the
removal efficiency of salicylic acid was 88% in planted and unplanted HFCWs [27]. Some studies
revealed that the presence of plants is not important for the removal of antibiotics such as sulfonamides
and trimethoprim [22,45,53]. For instance, Dan et al. [22] found non-significant differences in the
removal efficiency of sulfapyridine in planted and unplanted HFCWs (83% and 87%, respectively).
Button et al. [53] observed the similar and complete removal (100%) of sulfamethoxazole in planted
(Phalaris arundinacea) and unplanted VFCWs. However, Hijosa-Valsero et al. [45] observed that
unplanted systems, being more directly insolated and highly populated by microscopic algae, obtained
significantly better removal efficiency of trimethoprim (96%) compared with planted systems (84%).
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Figure 1. The removal efficiency (mean and standard deviation) of pharmaceuticals (PhCs) in planted
and unplanted constructed wetlands (CWs). Note: (a) For ibuprofen,
difference in the removal efficiency in planted and unplanted CWs at o« = 0.05 (p < 0.05). (b) The
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3.4.2. Role of Support Matrix

Chen et al. [54] studied the removal of antibiotics (erythromycin, lincomycin, monensin, ofloxacin,
and sulfamethazine) in HFCWs using different substrate materials (oyster shell, zeolite, medical
stone, and ceramic); among them, zeolite as a substrate was the best choice for the treatment of target
compounds in domestic wastewater. This indicated that adsorption and/or sorption as a removal
mechanism could contribute to eliminating PhCs. For instance, they observed the contribution of
adsorption (35%) to the total removal efficiency of erythromycin (82%), when zeolite was used as a
substrate material. Similarly, ofloxacin was completely removed (100%) in an HFCW, and 24% of it
was removed by adsorption onto zeolite. Huang et al. [55] reported that the removal of oxytetracyline
was affected by substrate type. The brick particle-based media showed higher removal capacities
compared with oyster shell, which can be attributed to the larger porosity and average micropore
size, and the high percentage of crystalline iron oxide (32%) in brick particle. However, the removal
efficiency in both types of VFCWs was almost similar (97% and 94%, respectively). Analogous to that,
Dan et al. [22] revealed that the vesuvianite CWs had the best removal of sulfadiazine, sulfapyridine,
and sulfamethoxazole compared with gravel CWs and zeolite CWs. For instance, the removal efficiency
of sulfadiazine by the vesuvianite VFCW, gravel VFCW, and zeolite VFCW was 27%, 21%, and
13%, respectively, in winter, considering that adsorption is the dominant removal pathway at low
temperature. Although the removal of sulfonamides was considered to be difficult through adsorption
onto the substrate media, the relatively better removal in vesuvianite CWs may be due to the larger
porosity of vesuvianite, which means a longer HRT and, thus, pollutants have more time for reaction in
vesuvianite CWs. In addition to that, vesuvianite has a large specific surface area, which is particularly
suitable for the growth of microorganisms and the formation of biofilms that promotes the degradation
processes. This can be explained by the improvement in the removal efficiency of sulfadiazine in
summer by the vesuvianite VFCW compared to the gravel VFCW and zeolite VFCW (67%, 60% and
55%, respectively) when microbial degradation is the most probable pathway for the removal of PhCs.

Avila et al. [38] found that the unsaturated sand-based VFCW performed substantially better
than the unsaturated gravel-based VFCW for the removal of PhCs. This is due to the reason that sand
media provided a larger available surface area for microbial growth and higher oxygen to promote the
elimination of substances that are mainly removed via aerobic biodegradation pathways. For instance,
the removal efficiency of ibuprofen in the gravel-based VFCW was 95%, but almost complete removal
was achieved in sand-based VFCW (99.7%). Similarly, the beneficial effect of a sand filter was observed
for the removal of caffeine, ibuprofen, naproxen, and diclofenac. The removal efficiency of caffeine,
ibuprofen, naproxen, and diclofenac was 96%, 95%, 90%, and 53%, respectively, in the gravel-based
VFCW; however, comparatively better removal of these PhCs was achieved in a subsequent sand-based
VEFCW with the corresponding removal efficiency of 99%, 99%, 98%, and 77% [43]. Salcedo et al. [32]
observed the moderate removal of caffeine in an unplanted HFCW using different substrate materials
(volcanic gravel and river gravel). The corresponding removal efficiency of caffeine was 65 + 11% and
62 + 14%, respectively.

Some studies investigated that, in HFCWs and VFCWs, the adsorption of PhCs onto light
expanded clay aggregates (LECA) is the major removal pathway (>50% removal efficiency within 6 h),
although, on a larger timescale, plants also contributed significantly for the overall performance of the
system [28,44]. For instance, Dordio et al. [44] reported that carbamazepine was extensively sorbed by
the LECA matrix, which is explicit by the almost similar removal efficiency in planted and unplanted
HECWs in winter (88% and 87%, respectively) when adsorption is the dominant removal pathway.
The removal of ibuprofen was attributed to the combination of sorption and biodegradation because of
its comparatively higher removal efficiency in planted HFCWs than with unplanted HFCWs, even in
winter (82% and 74%, respectively). However, it was highly removed in unplanted systems, which
indicates the higher adsorption capacity of LECA. Auvinen et al. [31] also reported that the use of
LECA as a substrate material contributed to the adsorption of atenolol and carbamazepine efficiently,
which facilitated achieving the higher removal efficiency of both PhCs (98% and 94%, respectively).
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Park et al. [56] investigated the sorption of PhCs by soil organic matter (SOM) by electrostatic
interactions; SOM is located on the surface of soil and/or sediment and exhibits a negative charge
because of the functional groups present (i.e., carboxylic and phenolic groups). Thus, the electrostatic
interaction of SOM with positively charged PhCs provides one of the major removal mechanisms
(adsorption and/or sorption) in CWs. The estimated removal efficiency of carbamazepine and atenolol
in the SOM sorption experiment was 40% and 60%, respectively, after 6 h of HRT and their removal
efficiency in CWs was 50%. Although, in CWs, higher removal is expected compared with lab-scale
sorption experiments due to the occurrence of all the removal mechanisms such as photodegradation,
biodegradation, plant uptake, adsorption, and/or sorption, the results were similar at both scales.
This indicates the implication of desorption of PhCs in CWs.

3.5. Effect of Seasonality on the Removal of PhCs

Several studies reported the variation in removal of PhCs in summer and winter, due to the
difference in external temperature, which directly affects water temperature and oxygen solubility [40,43]
and plays a major role in the removal processes of PhCs in CWs such as biodegradation, plant uptake,
and adsorption/sorption processes. Several studies reported that microbial degradation is the most
probable pathway for the removal of PhCs in CWs, and it is enhanced at warm temperature in summer
(15-25°C) [13,15,17,22,34,36,37,48], especially in the case of nitrifying and proteolytic bacteria [15,86].
Some studies reported that, in summer, a more active vegetative stage of plants also contributes to this
variability (e.g., References [13,36,48]). Transpiration rate is a key variable that determines the rate
of PhC plant uptake, which is higher in summer [16,93]. Furthermore, the higher solar irradiation in
summer increases the photodegradation rate (e.g., References [34,37,58]). On the other hand, abiotic
processes like adsorption are also temperature-dependent but exothermic processes and, thus, favored
by low temperature (in winter) [48]. The temperature of the studied CW effluents in summer and
winter was 22 + 7 and 8.6 + 3.5 °C, respectively, and the corresponding effluent DO was 1.4 + 1.5 and
1.1 + 1.6 mg-L™! (Tables S1-S4, Supplementary Materials).

The removal efficiency of 22 PhCs during summer and winter periods is presented in Table S9
(Supplementary Materials). Statistical comparison was carried out for a few PhCs, as sufficient data
were not available in other cases (acetaminophen, codeine, tramadol, clarithromycin, erythromycin,
venlafaxine, atenolol, metoprolol, and furosemide). The results of the z-test for comparison of means
for statistical significance or non-significance of observed differences during summer and winter
(Table 510, Supplementary Materials) in the removal efficiency of 13 PhCs are discussed below
and are substantiated by Figure 2a,b. The removal efficiency of naproxen, salicylic acid, caffeine,
and sulfadiazine showed statistically significant seasonal differences (Figure 2a,b and Tables S9 and
510, Supplementary Materials). The significantly higher removal efficiency of naproxen in summer
(62 £ 19%) compared with winter (44 + 14%) (Figure 2a and Tables S9 and S10, Supplementary
Materials) could be due to the main contribution of aerobic biodegradation and photodegradation
in its removal (Table 3). The removal in winter indicates that anaerobic biodegradation is also
responsible for the removal of naproxen (Table 3). Nevertheless, Matamoros et al. [68] reported that
the degradation of naproxen was similar under aerobic and anaerobic conditions. Similarly, the
significantly higher removal efficiency of salicylic acid and caffeine in summer (89 + 6% and 83 + 19%,
respectively) compared with winter (63 + 18% and 53 + 25%, respectively) (Figure 2a and Tables S9
and 510, Supplementary Materials) indicates the improvement in their main removal mechanisms
in summer, which are aerobic biodegradation and plant uptake (Table 3). Analogous to that, the
removal efficiency of sulfadiazine exhibited significant seasonal differences (Figure 2b and Table S10,
Supplementary Materials). Its removal efficiency was more than twice in summer (66 + 9%) compared
with winter (28 + 16%) (Table S9), which was attributed to enhanced biodegradation in CWs at warm
temperature [22].
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Figure 2. The removal efficiency (mean and standard deviation) of PhCs with different types of CWs in
different seasons. Note: (a) For naproxen, salicylic acid, and caffeine “a” shows the significant difference
in the removal efficiency during summer and winter at o = 0.05 (p < 0.05). (b) For sulfadiazine, “a”
shows the significant difference in the removal efficiency during summer and winter at o = 0.05 (p < 0.05).
The number of observations of studied PhCs for seasonal effect is given in Table S9 (Supplementary
Materials). Negative values in the case of standard deviation were capped at zero to improve the readability
of the graph. Actual values (e.g., below zero) can be found in Table S9 (Supplementary Materials).

On the other hand, although diclofenac, ibuprofen, ketoprofen, carbamazepine, gemfibrozil,
sulfamethazine, sulfamethoxazole, and trimethoprim were removed comparatively better in summer
than in winter (Figure 2a,b and Table S9, Supplementary Materials), the removal efficiency of these
PhCs did not exhibit significant seasonal differences (Table S10, Supplementary Materials). Several
studies ascribed the removal of these PhCs to aerobic and/or anaerobic biodegradation, plant uptake,
and photodegradation, as well as adsorption onto and/or sorption by organic surfaces (Table 3).
Nevertheless, the non-significant seasonal differences in the removal efficiency of PhCs might be due
to the higher influent concentrations of some PhCs in winter (Table S9, Supplementary Materials),
which increased their removal, since PhCs follow first-order removal kinetics. Similarly, the high
presence of root biomass from plants might enhance the rhizosphere sorption and plant uptake of
PhCs when biodegradation is inhibited in winter [17]. These processes are not as temperature-sensitive
as biodegradation, and they might be the dominant removal pathways of PhCs in winter [17,40,43].
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4. Conclusions

CWs were extensively investigated for the treatment of wastewater for the removal of PhCs.
This paper presents a comprehensive and critical review of the literature and a statistical analysis of
available data from peer-reviewed studies. Pearson correlation was estimated to examine the influence
of selected design and operational factors (area, depth, HLR, HRT, and OLR), and physicochemical
parameters (effluent DO, temperature, and pH) on the performance of CWs for the removal of PhCs.
The role of plants and a support matrix in the removal of PhCs was comprehensively reviewed from the
studies reported in this review. Finally, the impact of seasonality (summer and winter) on the removal
of PhCs was critically evaluated. The following specific conclusions can be inferred from this research:

1.  Area, depth, HLR, HRT, and OLR play an important role, although with variable influence, in
wetland performance for the removal of PhCs. Depth and OLR showed a significant correlation
with the removal efficiency of seven of the studied PhCs, whereas the other three factors, area,
HLR, and HRT, were significantly correlated with the removal efficiency of six of the studied PhCs.
However, the correlation was not significant with the removal efficiency of the same PhCs, which
indicates that the removal of PhCs in CWs might not only relate to one design and operational
parameter; all the parameters might directly or indirectly impact their removal. For instance,
the removal efficiency of some PhCs showed a significant correlation with three factors such as
diclofenac and ketoprofen (depth, area, and HRT), salicylic acid and erythromycin (area, HLR,
and OLR), and gemfibrozil (depth, OLR, and HRT). The removal efficiency of some PhCs showed
a significant correlation with two of the studied factors such as sulfamethazine (depth and HRT),
lincomycin (area and OLR), trimethoprim (HLR and OLR), and oxytetracycline (area and HLR).

2. Effluent DO, temperature, and pH play an important role in the removal of PhCs but to
different extents. The correlation of these parameters was not significant with the removal
efficiency of the same PhCs, which indicates the direct or indirect effect of all the physicochemical
parameters on their removal. The significant correlation of effluent DO and temperature with
the removal efficiency of most of the studied PhCs (eight and seven, respectively) represents
the importance of DO and temperature for the enhancement of microbial processes, which
contribute more in their removal. For instance, the removal efficiency of naproxen, diclofenac,
ketoprofen, salicylic acid, and lincomycin showed a significant correlation with temperature
and effluent DO. The pH can be considered an important parameter because it controls several
biotic processes such as plant development, nitrification, and heterotrophic production, as
well as abiotic processes such as the attachment of ionizable PhCs to soil/sediment via ion
exchange. In CWs, the presence of plants influences the performance by regulating the pH
(~7.5), which is the optimal value of pH to control these processes. Nevertheless, the pH
directly showed a significant correlation with the removal efficiency of six of the studied PhCs
(ketoprofen, erythromycin, lincomycin, ofloxacin, sulfamethazine, and gemfibrozil), which are
mainly removed by aerobic biodegradation (erythromycin, lincomycin, sulfamethazine, and
gemfibrozil), anaerobic biodegradation (ketoprofen and ofloxacin), adsorption (erythromycin
and ofloxacin), and plant uptake (sulfamethazine).

3. Plants contribute significantly to the removal of some PhCs by direct uptake (oxytetracycline,
sulfamethazine, caffeine, carbamazepine, and venlafaxine). In addition to direct uptake, the
other positive effects of plants such as degradation by enzymatic exudates, as well as release
of root exudates (such as carbohydrates and amino acids) and oxygen by the plant roots in the
rhizosphere, are suitable for aerobic biodegradation, which also enhances the removal efficiency of
PhCs in planted CWs compared with unplanted CWs. Aerobic biodegradation was demonstrated
as one of the major removal mechanisms of most of the PhCs (15 out of 26).

4. The use of substrate material of high adsorption capacity and rich in organic matter enhances the
removal efficiency of PhCs by adsorption onto the substrate and sorption by organic surfaces, as
these are the major removal mechanisms of most of the examined PhCs (codeine, clarithromycin,
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erythromycin, ofloxacin, oxytetracycline, carbamazepine, and atenolol) in CWs owing to their
physicochemical properties. Additionally, the use of substrate media that could provide a larger
available surface area for microbial growth and higher oxygen to promote the elimination of
PhCs, which are mainly removed via aerobic biodegradation pathways, is suggested for the
enhanced removal of a variety of PhCs by CWs.

5. Theremoval efficiency of PhCs in CWs was comparatively higher in summer compared with winter
due to the difference in external temperature, which directly affects water temperature and oxygen
solubility, while playing a major role in the removal processes of PhCs such as biodegradation,
plant uptake, and photodegradation at warm temperature, and adsorption/sorption processes
at low temperature. Although the removal efficiency of almost all of the studied PhCs showed
seasonal differences, statistical significance was established in the removal of naproxen, salicylic
acid, caffeine, and sulfadiazine. These PhCs are removed better in summer compared with winter,
since the major processes contributing to their removal such as biodegradation (naproxen, salicylic
acid, caffeine, and sulfadiazine), plant uptake (caffeine), and photodegradation (naproxen) are
enhanced in summer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/11/2356/s1:
Table S1. The performance of FWSCWs for pharmaceuticals removal; Table S2. The performance of HFCWs for
pharmaceuticals removal; Table S3. The performance of VFCWs for pharmaceuticals removal; Table S4. The
performance of HCWs for pharmaceuticals removal; Table S5. The studied 26 pharmaceuticals categorized
according to their therapeutic classes; Table S6. Physicochemical properties of selected 26 pharmaceuticals;
Table S7. Statistics (mean and standard deviation) of pharmaceuticals in planted and unplanted CWs; Table
S8. The results (p-values) of the z-test for comparison of means for the removal of pharmaceuticals in planted
and unplanted CWs; Table S9. Statistics (mean and standard deviation) of pharmaceuticals in different seasons;
Table S10. The results (p-values) of the z-test for comparison of means for the removal of pharmaceuticals in
different seasons.
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