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Abstract: The removal efficiency of pharmaceutical compounds in wastewater treatment can be significantly influenced
by seasonal variations and the presence of vegetation. This study evaluates the removal efficiencies of five
pharmaceutical compounds — Cefadroxil (CFL), Ciprofloxacin (CIP), Cefpodoxime (CFD), Atenolol (ATN) and Avil-25
(AVL) — in non-planted (CW2) and planted (CW1) constructed wetlands across various parameters including
Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total Suspended Solids (TSS), Alkalinity,
Nitrate, and Phosphate during winter and summer seasons. Results indicate that CW1 consistently outperforms CW2
in all parameters and seasons. For example, CW1 achieved 54.28% BOD removal for CFL in winter compared to
CW2's 39.67%, with summer values reaching 79.6% and 69.7%, respectively. The superior performance of CW1 was
also observed for COD and other parameters, with phosphate removal reaching 94% in summer. The results of HPLC
analysis indicated that CW1 showed better removal efficiencies of Cefadroxil (56.94%), Ciprofloxacin (90%), and
Avil-25 (99.7%) than CW2. Even though Cefpodoxime showed low removal efficiency in both systems, CW1 still
performed slightly better (13.99% vs. 0.7%). Atenolol removal was particularly notable in CW1 (93.79%),
significantly outperforming CW2. Hazard quotient assessments revealed lower risks associated with pharmaceutical
residues in CW1. For example, Ciprofloxacin's hazard quotient was reduced from 16% in CW2 to 10% in CW1,
underscoring the effectiveness of vegetation in mitigating environmental risks. Atenolol showed a significant hazard
quotient reduction from 2% in CW2 to less than 0.5% in CW1, while Avil-25's hazard quotient was negligible in
CW1 compared to 4% in CW2. It was also concluded that vegetation positively influenced the treatment efficacy of
constructed wetlands for pharmaceuticals with reduced eco-toxicity and the associated risks.

Keywords: horizontal flow constructed wetland, hazard quotient, removal efficiency, Ciprofloxacin, Cefadoxil,
Cefpodoxime, Atenolol and Avil-25

Nomenclature

CW = constructed wetland,

CW1 = planted constructed wetland,

CW2 = unplanted constructed wetland,
PhACs = pharmaceutical active compounds,
Cefadroxil = CFL,

Ciprofloxacin = CIP,

Cefpodoxime = CFD,

Atenolol = ATN,

Avil-25 = AVL,

High-Performance Liquid Chromatography = HPLC.

1. Introduction

Constructed wetlands have been used for managing wastewater since the early nineties (Abad et al. 2023).
However, their use was characterised by shortcomings due to their large size, which did not follow the urban
land use planning. Nevertheless, with the recent policies and strategies developed in striving to mitigate the
impacts of climate change and global warming, it is perhaps necessary to maximise green density in cities.
Due to its simple applicability, functionality, and management, it has become one of the most widely used
treatments (Hu et al. 2021, Parde et al. 2021). These include over 700 emerging pollutants, for instance, the
active pharmaceutical compounds popularly referred to as PhACs (Alsubih et al. 2021, Geissen et al. 2015).
These aspects of a better life and availability of facilities also led to increased population and medical facili-
ties (hospitals, clinics, pathology labs, etc.) (Khan R.A. et al. 2022, Hu et al. 2021). Environmental wastewater,
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such as domestic and municipal wastewater, obtains pharmaceutical compounds from patients' human
and animal excreta (Khan N.A. et al. 2022). Several researches have been conducted to assess the treatment
efficiency of constructed wetlands in removing pharmaceuticals from wastewater (Avila et al. 2021b, Cheng
et al. 2021, Mumtaj et al. 2024b). However, a literature review revealed a research gap in these studies; none
of the research works utilised hospital wastewater. Using a simulated wastewater approach, the performance
of constructed wetlands for pharmaceutical removal has been studied by Chen et al. 2021, Li et al. 2020,
Alsubih et al. 2022a, Alsubih et al. 2022b, Mumtaj et al. 2024a. The pharmaceutical compounds removal
efficiency analysis has been carried out by using septic tank effluent, according to Avila et al. (2021). The
work of Stroski et al. (2020) intends to report the study's results on the presence of pharmaceutical com-
pounds in the receiving waters of the Arctic. Moreover, pharmaceutical compounds are sourced not only
from pharmaceutical industries but also from health-related structures such as hospitals and other health-care
centres, which have not been included in most of the investigations. This brings out the research gap in a way
that constructed wetland treatment systems are being assessed for their ability to remove pharmaceutical
compounds in hospital effluents. Moreover, the local climatic factors and weather influence constructed wet-
lands as open landscape wastewater treatment systems. Again, this needs not much elaboration considering
that there is little literature on hospital wastewater, more so regarding this perspective. Also, because of their
open landscape nature, constructed wetlands are likely to be influenced by climatic changes, particularly
rainfall. Constructed wetlands have been discussed by Zhang et al. (2020) for arranged treatment efficiency
during dry seasons with low flow rates of influent. In a study by Zhao et al. (2020), nitrogen removal efficien-
cies of F CWs were evaluated in dry and cold climatic conditions. Wang et al. (2021) examined the dynamics
of constructed wetlands during the monsoon period. In a study conducted by Bojcevska & Tonderski (2007),
the amount of moisture, the time of the year, the nature of the plant and plant density were considered.
Wu et al. (2023) showed the influence of constructed wetlands on nitrogen removal during the cold season
analysis. Another element Ma et al. (2017) took in the study is the effect of low temperature on the ability to
remove cadmium from wastewater by the constructed wetland. From the available literature, it can be de-
duced that the effect of climate on the performance of constructed wetlands in the removal of pharmaceutical
compounds has not been defined in previous works.

Therefore, wastewater treatment is becoming an area of interest within the health facility due to pharma-
ceutical waste. Khan N.A. et al. (2019) and Khan R.A. et al. (2023) studied the efficiency of extended aera-
tion in treating hospital wastewater. Alsubih et al. (2021) used an aerobic fluidised bed bioreactor to examine
its treatment capacities. Horizontal flow constructed wetlands have also been tested by Khan N.A. et al.
(2020) for treating hospital wastewater. However, such investigations have been made regarding the general
pollutant, removal of the nutrients such as nitrate (NO*) and phosphate (PO4>) as well as the organic matter,
including the chemical oxygen demand (COD) and the biochemical oxygen demand (BOD). Table 1 shows
the various studies for the removal of pharmaceuticals using CW.

Table 1. The pharmaceutical compounds removal using various CW in wastewater containing drug

Pharmaceutical Drug Class Type of CW References
compounds used for removal
Amoxicillin Penicillin Antibiotics Horizontal flow CW Hijosa-Valsero et al. (2011)
. . . e Vertical flow CW and | Sun & Zheng (2022), Yuan et al. (2020),
Ciprofloxacin Fluroquinol Antibiotics hybrid flow CW Dan et al. (2021)
Horizontal flow CW,
Levofloxacin Fluroquinol Antibiotics | hybrid flow CW Sun & Zheng (2022), Alsalihy et al. 2024
and Vertical flow CW
Omeprazole Proton pump Antibiotics | Horizontal flow CW Chaves Barquero (2022)
Ofloxacin Beta-lactam Antibiotics | Vertical flow CW Avila et al. (2021)
Azithromycin Macrolide Antibiotics Vertical flow CW Avila et al. (2021)
. Horizontal flow CW Carranza-Diaz et al. (2014),
Diclofenac NSAIDs and Vertical flow CW | Sochacki et al. (2018), Cheng et al. (2022)
Naproxen NSAIDs Horizontal flow CW Lancheros et al. (2019), de Oliveira,
prox and Vertical flow CW | Milina, et al. 2019, Kucerak, L. N. 2014
Ibuprofen NSAIDs Horizontal flow CW Lancheros, Juan Camilo, et al. 2019,
p and Vertical flow CW | de Oliveira et al. (2019), Kucerak (2014)
Carbamazepine | NSAIDs Horizontal flow CW Carranza-Diaz et al. (2014)
Ketoprofen NSAIDs Vertical flow CW Cavalheri et al. (2023)




324 Zeba Ali Mumtaj et al.

This study aims to assess the efficiency of two constructed wetlands for the degradation process of phar-
maceutical compounds. In addition to removal efficacy, the possible hazards to the environment originating
from the effluent of the construed wetland were assessed. Therefore, the main highlight of this study is the
assessment of rare and exotic pharmaceutical ingredients and types of plants in constructed wetland systems.
Moreover, each compound was analysed selectively, based on conventional characteristics. Also, this study
investigates the remediation of pharmaceutical compounds such as CFL, CFD, and AVL through the use of
constructed wetlands — a relatively innovative approach. Examining these particular pharmaceuticals within
such systems is not commonly found in existing research, highlighting the novel aspect of this investigation.

2. Material and Methods
2.1 Chemicals and Chemical Structure

The chemicals used in this study to prepare synthetic wastewater were purchased from Sigma-Aldrich.
The chemical structure of the pharmaceutical compounds analysed in this study is presented in Figure 1.
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Fig. 1. The chemical structure of Cefadroxil (a), Ciprofloxacin (b), Cefpodoxime (c), Atenolol (d) and Avil-25 (e)
2.2. Preparation of Synthetic wastewater

Home wastewater was most closely mimicked by synthetic wastewater, which was least accurate in cap-
turing the features of home wastewater. Nonetheless, due to its shortcoming in mimicking household
wastewater in a perfect way, synthetic wastewater does come with some benefits, including more favourable
control of several factors within the experiment, creating perfect redox conditions (van Loosdrecht et al.
2016), removing health risks, batch differences, and storage (Prieto et al. 2019). For example, synthetic
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wastewater should be supplemented with carbon-containing material, nitrogen, phosphate, and other addi-
tives (Lima et al. 2018). In the current study, the synthetic wastewater composition used consists of 40 mg/L
of glucose as a source of carbon, 50 mg/L of acetic acid, a source of organic acids, 10 mg/L of K;HPO, that
is a source of phosphorus and 60 mg/L of urea that is a source of nitrogen (Haritash et al. 2015, Tang et al.
2019). 0.5 mg/L MnCl,-4H>0, 0.5 mg/L FeCl,-6H,O, 7.5 mg/L CaCl,-2H,0, and 100 mg/L MgCl,-6H,O
were the trace elements observed (Biplob et al. 2011). Tap water was used to dissolve each of these. To pre-
vent changes in pH level, 0.5 mol/L NaHCO; is used (Nasseri et al. 2014). In the synthetic wastewater, the
level of antibiotic concentration is at 50 ppm. The drugs employed in synthetic wastewater are Ciprofloxacin,
Cefadoxil, Cefpodoxime, Atenolol and Avil-25.

2.4. Study location

Constructed Wetlands were set up in Integral University, Kursi Road, Lucknow, India, Latitude
26.95862° or 26°57'31" north. It is located at the Dashauli in the Northeastern part of the city, about 17 km
from the city centre.

2.5. Constructed wetland design

The experiment consisted of two horizontal flow constructed wetlands of 1 m width and 2 m length; one
planted with Arundo donax and the other unplanted. They range from 1.5 inches in length to 0.5 inches in
width. The wetlands were constructed using a concrete layer of 5 inches and a soil layer of 7 inches. Figure 2
shows the schematic representation of the HFCW set-up.

Arundo donax Plant

O Ty A

Planted Constructed Wetland

Inlet

[Nonplanted constructed wetland

Fig. 2. Horizontal Flow Constructed Wetland Schematic Representation
2.6. Wastewater sampling

The sampling was conducted on the outlets at 24-hour intervals. Clean and pre-rinsed polypropylene bot-
tles of 500 ml each were used for sampling. The bottles used to collect the samples were 500 ml capacity
polypropylene bottles which had been previously cleaned and rinsed. All the samples were then acidified
with 2% HNOs and kept in a refrigerator at a temperature of 4°C until they were examined. To maintain the
reliability of the outcomes, the experiment was performed three times, and an average of three was used in
the present study, according to the research conducted by Rana & Maiti (2018).
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2.7. Laboratory analysis (influent and effluent)

The chemical parameters studied here include pH, BOD, COD, TSS, alkalinity, nitrate, and sand phos-
phate. The pH values of the influent and effluent wastewater samples were measured using a pH meter. The
measurement of the BOD parameter was observed by subjecting the sample water to a biological oxygen
demand test using the BOD bottles at an incubation temperature of 22°C for 5 days. The COD test was also
carried out in the laboratory by measuring the chemical oxygen demand of the water sample. A known
amount of K,Cr,O7 is then added to the unrushed amount of the sample, and both are boiled with conc.
H,SO.. The titration continued with the addition of K,Cr,07, after which the reaction was titrated with fer-
rous ammonium sulphate indicator, Ferroin. This is calculated to show the amount of oxygen needed to ar-
rest the matter's oxidation and the dichromate taken. Nitrate concentration was identified with the help of the
UV-visible spectrophotometric technique, and the sulphate anion concentration was determined using a spec-
trophotometer or turbidity meter.

The HPLC samples were prepared by first extracting and concentrating the water samples. Working
standard solutions of high to low and low to high concentrations were made for various types of pharmaceu-
tical compounds. The pharmaceutical compounds studied included ciprofloxacin, cefadoxil, cefpodoxime,
atenolol and avil-25. The first set of water samples was measured in duplicate, while the subsequent meas-
urements were done in a single run as no significant difference was observed between the duplicate meas-
urements. Wastewater samples and standards were prepared as a standard procedure (Sabri et al. 2020). All
examined samples were tested by HPLC for ciprofloxacin, cefadoxil, cefpodoxime, atenolol, and avil-25,
and the results are presented in Table 2. These details regarding the method have already been explained in
our prior research by Sabri et al. (2020). Pharmaceutical compounds were analysed using isocratic HPLC
analysis in Shimadzu model SPD-M20A 230 V C18 (Luna 5 um C18 (2) 100 LC Column 250-4.6 mm) and
1 mL/min flow rate. The mobile phase comprised eluent A buffer solution (KH,PO4 and K,HPO,) and eluent
B (methanol) in the ratio of 53:47 V/V, pH 3.5 was adjusted with phosphoric acid 1 ml min"'. The method's
linearity, stability, accuracy, precision, and detection selectivity were all confirmed.

2.8. Removal efficiency of constructed wetlands

This research investigated the efficiency of constructed wetlands with Arundo donax plants and without
plants in removing pharmaceutical compounds from synthetic wastewater. However, the concentration of
influent and effluent was measured to determine the efficiency of the current treatment method for eradicat-
ing the pharmaceuticals in synthetic wastewater (Guedes-Alonso et al. 2020). Both the influent and effluent
concentrations of pharmaceutical substances were then used to determine percentage removal efficiency. The
following procedure was followed to evaluate the constructed wetlands' removal efficiency to determine the
removal efficiency (%) as indicated in Equation 1.

2.8.1. Removal efficiency
(RE %) = (Cin-Cou/Cin)*100 (1)

where:
Cin — Pharmaceutical compounds concentration in influent (inlet) and,
Cou — Pharmaceutical compounds concentration in effluent (outlet).

3. Ecology Risk Assessment

Using different terminology, the hazard quotient and risk assessment are, in fact, equivalent (Lancheros
etal. 2019, Vymazal et al. 2017). Hazard identification entails employing the measures of concentration
(MEC) and predicted no effect concentration (PNEC). According to the research, the risk is well represented
by hazard quotients (HQs) (Chen et al. 2016). Given that most pharmaceutical substances can change the
metabolic processes within living organisms, assessing the risks offered by these products during their dis-
posal within the environment is necessary. They defined the abbreviated name HQ as the ratio of the MEC of
each pharmaceutical compound in the sample to its potential non-target ecological concentration. The re-
spective HQ was assessed for every medicinal compound to observe its potential effect on the water bodies.
PNEC values in this study were derived using data from HQ for three trophic levels, including fish, algae,
and Daphne. Table 2 shows the PNEC value of the compounds whereby the HQ in this study is estimated.
HQ was also calculated using Equation 2, which was used by Chen et al. (2016), Lancheros et al. (2019) and
Avila et al. (2021) to estimate it. These studies have adopted four categories for the risk of eco-toxicity eval-
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uation of compounds: HQ insignificant: less than 0.1 Low risk: 0.1-1.0 Moderate Risk: 1-10 High Risk:
above 10 (Council 2012).

HQ=MEC/PNEC (2)
Table 2. PNEC values used in this study for the target pharmaceutical compound for evaluating potential risk
Pharmaceutical compound Code PNEC value (ugL") Reference
Cefadroxil CFL 2 Alliance (2020)
Ciprofloxacin CIP 0.06 Alliance (2020)
Cefpodoxime CFD 0.25 Alliance (2020)
Atenolol ATN 148 Kiister et al. (2010)

4. Results and Discussions

Seasonal variations and vegetation presence can significantly influence pharmaceutical compounds' re-
moval efficiency in wastewater treatment processes. This study evaluates the removal efficiencies of five
pharmaceutical compounds — Cefadroxil (CFL), Ciprofloxacin (CIP), Cefpodoxime (CFD), Atenolol (ATN),
and Avil-25 (AVL) — across various parameters including Biochemical Oxygen Demand (BOD), Chemical
Oxygen Demand (COD), Total Suspended Solids (TSS), Alkalinity, Nitrate, and Phosphate. The results are
compared between non-planted (CW2) and planted (CW1) constructed wetlands during winter and summer.

For CFL, planted wetlands consistently outperform non-planted ones across all parameters and seasons.
In winter, CW1 shows significantly higher removal efficiency for BOD (54.28%) compared to CW2
(39.67%), and this trend continues in summer (79.6% vs. 69.7%). Similar patterns are observed for COD and
other parameters. Notably, phosphate removal in CW1 is superior in both seasons, with 75% in winter and
94% in summer, indicating enhanced nutrient removal capabilities in planted wetlands. Figure 3 shows the
% RE of CFL in CW1 and CW2 during summer and winter.

CFL
0,

100.00% CW2
80.00% summers
60.00% —CWl1

% RE summers

40.00% / CW2
20.00% winters

— CW 1
0.00% winters

Q Q S A & &
L & ¢ & &
¥ Q"QO
Parameters

Fig. 3. Indicates the % RE of CFL in CW1 and CW2 during summer and winter

CIP also demonstrates higher removal efficiencies in CW1. For instance, in winter, CW1 achieves 72.7%
COD removal compared to CW2's 36.3%, and this advantage persists in summer. A significant improvement
is seen in alkalinity removal during winter (80.64% in CW1 vs. 22.58% in CW2) and summer (83% in CW1
vs. 19% in CW2), highlighting the effectiveness of planted wetlands in stabilising water chemistry. Figure 4
shows the % RE of CIP in CW1 and CW2 during summer and winter.
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Fig. 4. The % RE of CIP in CW1 and CW2 during summer and winter

CFD follows a similar trend, with planted wetlands showing superior performance. In winter,
CW1 achieves 80% BOD removal compared to CW2's 56%; in summer, the figures are 88.9% and
85%, respectively. The highest COD removal efficiency is observed in summer, with CW1 reaching
99.3%, demonstrating the peak performance of planted systems under warm conditions. Nitrate and
phosphate removal efficiencies are also markedly higher in CW1, particularly in summer. Figure 5

shows the % RE of CFD in CW1 and CW2 during summer and winter.
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Fig. 5. The % RE of CFD in CW1 and CW2 during summer and winter

ATN exhibits an unusual pattern, where CW1 shows extremely high removal efficiencies in summer for
BOD and COD (557% and 776.92%, respectively). This anomaly suggests possible errors in data recording
or exceptional treatment conditions that warrant further investigation. However, for other parameters like
nitrate and phosphate, CW1 consistently outperforms CW2 across both seasons. Figure 6 shows the % RE of

ATN in CW1 and CW2 during summer and winter.
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Fig. 6. The % RE of ATN in CW1 and CW2 during summer and winter

AVL maintains the trend where planted wetlands outperform non-planted ones. In winter, BOD removal
in CW1 is 47.44% compared to CW2's 10.94%, and in summer, CW1 achieves 66.8% compared to CW2's
59%. CW1 also shows superior removal efficiencies for nitrate and phosphate, reaching up to 96.05% for
phosphate in winter. The Figure 5 shows the % RE in CW1 and CW2 during summer and winter. Figure 7
shows the % RE of AVL in CW1 and CW2 during summer and winter.
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Fig. 7. The % RE of AVL in CW1 and CW2 during summer and winter

The presence of vegetation in constructed wetlands (CW1) consistently improves the removal efficiencies
of various pharmaceutical compounds and associated water quality parameters. This improvement is more
pronounced during summer, likely due to enhanced microbial activity and plant growth facilitated by higher
temperatures. Planted systems (CW1) perform better across almost all parameters and compounds than non-
planted systems (CW2). The seasonal variations also significantly impact the treatment efficiency, with gen-
erally higher removal rates observed during summer for most parameters. This highlights the importance of
considering seasonal dynamics when designing and managing constructed wetlands for wastewater treatment.

4.1. Pharmaceutical compounds measurement using HPLC

The provided data in Figure 8 highlights the removal efficiency percentages (% RE) of various pharma-
ceutical compounds measured by HPLC in planted (CW1) and non-planted (CW2) constructed wetlands,
comparing the influent concentrations with the effluent concentrations. For CFL, the influent concentration is
5.11 pg/L. The effluent concentration in the planted wetland (CW1) is 2.20 pg/L, reflecting a % RE of 56.94%.
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In the non-planted wetland (CW2), the effluent concentration is 3.80 pug/L, resulting in a % RE of 25.63%.
This indicates that CW1 is more effective in removing Cefadroxil from the water. CIP shows an influent
concentration of 0.02 pg/L. CW1 achieves an effluent concentration of 0.002 pg/L, corresponding to a % RE
of 90%. In contrast, CW2 has an effluent concentration of 0.007 pg/L, with a % RE of 65%. The planted
wetland again demonstrates superior removal efficiency. CFD has an influent concentration of 1.43 pg/L.
The removal efficiency is relatively low in both systems, with CW1 having an effluent concentration of
1.23 pg/L (% RE of 13.99%) and CW2 with an effluent concentration of 1.42 pg/L (% RE of 0.7%). This
suggests neither system is particularly effective in removing Cefpodoxime, although CW1 performs slightly
better. For ATN, the influent concentration is 0.029 pg/L. The planted wetland achieves an impressive efflu-
ent concentration of 0.0018 ug/L, translating to a % RE of 93.79%. In comparison, the non-planted wetland
has an effluent concentration of 0.008 pg/L, resulting in a % RE of 72.41%. This again highlights the superi-
or performance of CW1 in removing ATN. AVL has an influent concentration of 1.0 pg/L. The effluent con-
centration in CW1 is 0.003 pg/L, indicating a % RE of 99.7%. In CW2, the effluent concentration is 0.08 pg/L,
with a % RE of 92%. While both systems show high removal efficiencies, CW1 outperforms CW2.

100.00% -
90.00%
80.00%
70.00%
60.00%
% RE  50.00%
40.00%
30.00%
20.00%
10.00%
0.00%

m % RE CW2
=% RE CW1

CFL CIP CFD ATN AVL

Pharmaceutical compounds

Fig. 8. Indicates the % RE of CFL, CIP, CFD, ATN and AVL in CW1 and CW2 using HPLC

The data consistently shows that planted constructed wetlands (CW1) have higher removal efficiencies
for most pharmaceutical compounds than non-planted wetlands (CW2). This is particularly evident for CIP,
ATN, and AVL, where CW1 demonstrates significantly higher removal efficiencies.

4.2. Risk Assessment

The hazard quotient (HQ) is the calculated value of the risk that the examined chemical compounds may
implicate to the environment or health of people, with higher figures characterising higher risk (Chen et al.
2016). Based on this metric, the substances that may warrant regulatory intervention/s or remediation are
quickly recognised and targeted for management. Regarding constructed wetlands (CWs), the HQ can be
employed to determine how these systems reduce the environmental threats posed by these compounds
(Lancheros et al. 2019, Vymazal et al. 2017, Avila et al. 2021).

For CFL, the hazard quotient is significantly lower in the planted wetland (approximately 8%) compared
to the non-planted wetland (approximately 10%). This demonstrates that the presence of plants helps reduce
the risk associated with CFL. CIP exhibits a notable difference in hazard quotients between the two con-
structed wetlands. In CW2, the hazard quotient is the highest among all compounds at about 16%, whereas in
CW1, it is significantly reduced to around 10%. This substantial decrease underscores the effectiveness of
plants in mitigating the environmental risk of CIP. CFD has the lowest hazard quotients among the com-
pounds tested, with both scenarios showing minimal values. The difference between CW1 and CW2 is mar-
ginal, indicating that CFD poses a relatively low risk in both conditions, and plants do not significantly im-
pact its hazard quotient. ATN shows a substantial reduction in hazard quotient from approximately 2% in the
CW?2 to less than 0.5% in the CW 1. This significant reduction indicates that plants play a crucial role in low-
ering the environmental risk of ATN. AVL presents a marked difference, with the hazard quotient in the
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CW2 wetland being about 4%, which is negligible in the CW1. This drastic reduction highlights the plants'
ability to mitigate the risk posed by AVL effectively. Figure 9 shows the hazard quotient of CFL, CIP, CFD,
ATN and AVL in CW1 and CW2.

18.00% 7
16.00% 7
14.00%
12.00%
10.00%
8.00%
6.00%
4.00%
2.00%
0.00%

® Hazard quotient CW1
® Hazard quotient CW2

Hazard
quotient

CFL CIP CFD ATN AVL

Pharmaceutical compounds

Fig. 9. Indicates the hazard quotient of CFL, CIP, CFD, ATN and AVL in CW1 and CW2

Overall, the presence of plants in constructed wetlands significantly enhances the removal of pharmaceu-
tical contaminants, reducing their eco-toxicity and associated environmental risks. This underscores the im-
portance of incorporating vegetation in the design and implementation of wetland systems for effective water
treatment.

5. Conclusion and Recommendations

Thus, the study reveals that vegetation and seasonal changes strongly influence the efficiency of pharma-
ceutical compounds removal in constructed wetlands. This research established that wetland planted with
vegetation (CW1) was more efficient than unplanted wetland (CW2) in removing some compounds, includ-
ing CFL, CIP, CFD, ATN, and AVL, in terms of BOD, COD, TSS, Alkalinity, Nitrate, and phosphate. It was
even more notable during summer, perhaps because of the high activity of microbes and plant growth.

The HPLC measurements demonstrate that planted wetlands (CW1) consistently achieve higher pharma-
ceutical compound removal efficiencies than non-planted wetlands (CW2). For CFL, CW1 shows a removal
efficiency of 56.94% with an effluent concentration of 2.20 pg/L, whereas CW2 has a lower removal effi-
ciency of 25.63% with an effluent concentration of 3.80 ng/L. CIP removal is markedly higher in CW1 at
90%, with an effluent concentration of 0.002 pg/L, compared to CW2's 65% removal efficiency and 0.007
pg/L effluent concentration. CFD exhibits low removal efficiencies in both systems, with CW1 at 13.99%
and CW2 at 0.7%, indicating limited effectiveness, though CW1 performs slightly better. ATN removal is
significantly higher in CW1, achieving a 93.79% removal efficiency with an effluent concentration of 0.0018
ug/L, compared to CW2's 72.41% and 0.008 pg/L effluent concentration. AVL shows the highest removal
efficiencies, with CW1 achieving 99.7% removal and an effluent concentration of 0.003 pg/L, while CW2
achieves 92% removal and an effluent concentration of 0.08 pg/L.

The risk assessment also provided lower hazard quotients of pharmaceutical contaminants in the planted
wetlands to prove that vegetation reduces environmental and human health risks. Specifically, CW1 demon-
strated a high level of performance in reducing the risks associated with compounds such as CIP and ATN.
In conclusion, including plants in the constructed wetlands improves its overall performance and makes it
a viable solution for wastewater treatment. The findings of this study suggest that it is critical to incorporate
vegetation into wetland designs to achieve the maximum accessibility of pharmaceutical contaminants and
their consequent reduction.

This study also explores the remediation of pharmaceutical compounds like CFL, CFD, and AVL using
constructed wetlands, a relatively novel approach. These specific pharmaceuticals are not commonly exam-
ined in such systems, emphasising the innovative nature of the research. By focusing on these less-studied
compounds, the study offers new insights into the potential of constructed wetlands for pharmaceutical re-
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mediation. This novel focus broadens the scope of constructed wetland applications and contributes valuable
information on their effectiveness in treating a wider range of pharmaceutical contaminants. Additionally,
research focusing on optimising wetland design, operation, and maintenance practices could help improve
removal efficiencies and overall effectiveness in treating wastewater containing pharmaceutical compounds.
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