
Academic Editor: George Z. Kyzas

Received: 17 September 2025

Revised: 5 November 2025

Accepted: 5 November 2025

Published: 14 November 2025

Citation: Hernández-Cardona, M.A.;

Giácoman-Vallejos, G.; Vega-De-Lille,

M.I.; Méndez-Novelo, R.I.;

González-Sánchez, A.A.;

Hernández-Núñez, E.;

Ponce-Caballero, C.;

Góngora-Echeverría, V.R. Enhanced

Removal of Ibuprofen, Paracetamol,

and Caffeine in Vertical Constructed

Wetlands Using Biochar and Zeolite as

Support Media. Processes 2025, 13,

3679. https://doi.org/10.3390/

pr13113679

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Enhanced Removal of Ibuprofen, Paracetamol, and Caffeine in
Vertical Constructed Wetlands Using Biochar and Zeolite as
Support Media
Marco A. Hernández-Cardona 1 , Germán Giácoman-Vallejos 1,* , Marisela I. Vega-De-Lille 1 ,
Roger I. Méndez-Novelo 1, Avel A. González-Sánchez 1 , Emanuel Hernández-Núñez 2 ,
Carmen Ponce-Caballero 1 and Virgilio R. Góngora-Echeverría 1

1 Environmental Engineering Department, Faculty of Engineering, Autonomous University of Yucatan,
Mérida 97302, Yucatán, Mexico; marcohdzc92@hotmail.com (M.A.H.-C.);
marisela.vega@correo.uady.mx (M.I.V.-D.-L.); mnovelo@correo.uady.mx (R.I.M.-N.);
avel.gonzalez@correo.uady.mx (A.A.G.-S.); cponce@correo.uady.mx (C.P.-C.);
virgilio.gongora@correo.uady.mx (V.R.G.-E.)

2 Department of Postgraduate Studies and Research, Higher Technological Institute of Calkiní, Av. Ah Canul
S/N on the Federal Highway, Calkiní 24930, Campeche, Mexico; ehernandez@itescam.edu.mx

* Correspondence: giacoman@correo.uady.mx; Tel.: +52-(999)-9300577 or +52-(999)-9300550 (ext. 1058 or 1059)

Abstract

Pharmaceuticals such as ibuprofen, paracetamol, and caffeine are commonly found in
wastewater due to incomplete removal in conventional treatment systems. This study
evaluated three vertical constructed wetland (V-CW) configurations: V1 (gravel–sand
with vegetation), V2 (biochar–zeolite with vegetation), and V3 (biochar–zeolite without
vegetation). All systems achieved high removal efficiencies for organic matter (Chemical
Oxygen Demand (COD): 89.4–91.7%, Biochemical Oxygen Demand over 5 days (BOD5):
93.3–93.8%, Total Suspended Solids (TSS): 94.5–96.6%) and pharmaceuticals (ibuprofen:
81.8–91.5%, paracetamol: 90.0–94.3%, caffeine: 93.1–97.2%). Statistical analysis showed
that substrate type significantly influenced ibuprofen (p = 0.0035) and caffeine (p = 0.0436)
removal, while vegetation had no significant effect (p > 0.266). The enhanced performance
of biochar and zeolite can be attributed to their high adsorption capacity and microbial
support, with adsorption and biodegradation identified as dominant removal mechanisms,
as reported in previous research. These findings highlight the importance of engineered
substrates in optimizing constructed wetlands for wastewater treatment to improve the
removal of emerging contaminants. Future research should focus on long-term substrate
performance, cost-effectiveness, and field-scale validation, particularly in regions with
vulnerable groundwater systems such as the Yucatán Peninsula.

Keywords: adsorption; biodegradation; decentralized sanitation; emerging contaminants;
pharmaceutical wastewater treatment; tropical climate

1. Introduction
The occurrence of pharmaceuticals in aquatic environments has emerged as a critical

environmental and public health concern worldwide. Widely consumed compounds, such
as ibuprofen, paracetamol, and caffeine, are consistently detected in wastewater effluents
and surface waters due to their extensive use and incomplete removal in conventional
wastewater treatment plants [1,2].
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Their presence has been associated with ecotoxicological effects on aquatic organisms,
alterations in microbial community structure, endocrine disruption, bioaccumulation, and
the promotion of antimicrobial resistance, all of which pose risks to both ecosystem health
and human safety [3,4]. Additionally, caffeine is widely used as an indicator of pharmaceu-
tical pollution in aquatic environments due to its anthropogenic nature, distinctive origin,
environmental destination, and elevated consumption [5]. Its persistence and correlation
with other pharmaceuticals make it a reliable tracer for anthropogenic contamination.

The urgency of developing effective treatment strategies is particularly evident in
vulnerable regions such as the Yucatán Peninsula aquifer, one of the world’s largest karstic
groundwater systems. Its highly permeable limestone geology, lack of natural filtration,
limited wastewater infrastructure, and pressures from agriculture and tourism make it
highly susceptible to contamination by pharmaceuticals and other emerging pollutants [6].
Protecting this critical water resource requires innovative, low-cost, and environmentally
sound treatment approaches.

Traditional wastewater treatment technologies are often ineffective at removing phar-
maceuticals, necessitating the development of sustainable and low-cost alternatives. In
this context, constructed wetlands (CWs) have gained increasing attention as nature-based
treatment systems capable of eliminating a diverse range of pollutants through a combina-
tion of adsorption, biodegradation, phytoremediation, and sedimentation [7,8]. Among
CW designs, vertical flow constructed wetlands (V-CWs) offer distinct advantages, includ-
ing enhanced oxygen transfer, efficient pollutant removal, reduced land footprint, and
cost-effectiveness, making them highly suitable for treating wastewater contaminated with
pharmaceuticals [9–11]. Table 1 summarizes the use of various wetland systems and their
effectiveness in removing pharmaceuticals.

Table 1. Recent studies of pharmaceutical removal using CWs and hybrid treatment systems.

Treatment System Support Medium Used Reported Pharmaceutical
Removal

V-CWs [12] Mixture of gravel and sand >75% for Ibuprofen and Paracetamol

Combined Anaerobic Digester,
V-CWs and UV Photolysis [13] Mixture of gravel and sand 100% removal of Ibuprofen, 98% for

Paracetamol, and 87% for Caffeine

V-CWs [14] Mixture of gravel, sand and biochar 79.93% removal of Ibuprofen, and
87.53% of caffeine

V-CWs [15] Light expanded clay aggregates (LECA) 87–93% removal of Caffeine

V-CW with Microbial Fuel Cell
(MFC) [16]

Gravel and granular activated carbon
(GAC) 49–62% removal of Ibuprofen

Horizontal-CWs (HCWs) [17] Gravel 94.03 average removal of
Ibuprofen

HCWs and Stabilization Ponds
[18] Tezontle

Increased concentrations of
Ibuprofen due to anoxic

conditions.

Aerobic reactor and H-CWs [19] Gravel, GAC, river sand, and potting soil 94% removal of paracetamol

V-CWs [20] Biochar Up to 99% removal of
Ibuprofen

Recent research highlights the significance of substrate composition in enhancing CW
performance. Biochar, a porous carbonaceous material obtained through the pyrolysis
of organic biomass, has demonstrated a high adsorption capacity and excellent potential
for supporting microbial growth, thereby facilitating both sorption and biodegradation of
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pharmaceutical contaminants [21]. Its incorporation into CWs has been shown to signifi-
cantly enhance the removal of nutrients, organic matter, and pharmaceuticals, including
acetaminophen [22,23]. Zeolite, a microporous aluminosilicate with high cation exchange
capacity, further complements biochar by adsorbing a wide range of organic and inor-
ganic contaminants. Studies have shown that zeolite-based wetlands achieve remarkable
pharmaceutical removal efficiencies, in some cases achieving complete elimination [24].

As shown in Table 1, support media such as gravel and sand are the most commonly
used support media in CWs. Support mediums such as biochar and LECA have been
recently studied to enhance CW’s performance. The combined use of biochar and zeolite in
a vertical constructed wetland, however, remains underexplored, particularly in systems
integrated with native wetland plants. Species such as Typha dominguensis are known
to enhance phytoremediation and stimulate rhizospheric microbial activity [25], even
promoting the removal of pharmaceuticals [26]. However, their performance in engineered
biochar–zeolite systems has not been documented, as shown in Table 1. This represents a
significant research gap in advancing sustainable wastewater treatment technologies.

Therefore, this study aims to evaluate the performance of vertical constructed wetlands
under three configurations: traditional gravel–sand media with plants (V1), biochar and
zeolite with plants (V2), and biochar and zeolite without plants (V3). The specific objective
is to determine the efficiency of these systems in removing ibuprofen, paracetamol, and
caffeine from wastewater. By addressing the combined role of engineered substrates
and wetland vegetation, this work provides insights into the optimization of CWs for
pharmaceutical removal. It offers a pathway toward safeguarding vulnerable aquifers such
as those of the Yucatán Peninsula.

2. Materials and Methods
2.1. Reagents and Materials

The standards of caffeine (Ph Eur, anhydrous, ≥99.0%; Fluka Analytical, Buchs,
Switzerland; Cat. No. 27602), ibuprofen (≥98%; Sigma-Aldrich, St. Louis, MO, USA;
Cat. No. I4883), and paracetamol (acetaminophen, BioXtra, ≥99.0%; Sigma-Aldrich, St.
Louis, MO, USA; Cat. No. A7085) were purchased for the laboratory analysis and spiking
of the septic tank as described in Section 2.3. Gravel, zeolite, and sand were acquired from
local material stores. Biochar was prepared using the method described in Section 2.2.

All the materials used for setting up the Vertical CWs and sampling were described in
Sections 2.4 and 2.6.

2.2. Biochar Preparation

In this study, the biochar used was provided by Díaz Lara et. al. [27], who produced it
using a Kon-Tiki open-pit kiln designed for flame curtain pyrolysis. The process involved
layering dried biomass—sourced from gardening residues—into the kiln and igniting it
from the top. As each layer underwent carbonization, fresh biomass was added, allowing
the combustion gases to form a protective flame curtain that minimized oxidation of the
underlying char.

Once the kiln was fully loaded and pyrolysis was complete, the hot biochar was
quenched with water to halt combustion and stabilize the material. The resulting biochar
was then dried, ground to a particle size below 2 mm, and stored in sealed containers until
further use.

The characterization of the biochar was carried out based on its physical and chemical
properties, including pH, electrical conductivity, moisture content, ash content, volatile
matter, and fixed carbon. These parameters were determined following standardized
procedures and were detailed by Díaz Lara et al. [27].
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Figure 1 shows the methodological steps followed in this research.

Figure 1. Block Flow Diagram of the Study’s Methodology.

2.3. Influent Characterization and Fortification of the Septic Tank Water with Pharmaceuticals

Before starting the operation phase of the CWs, the influent wastewater from the
WWTP was sampled to analyze the presence of the target pharmaceuticals. During a
two-month monitoring campaign, three composite samples were obtained. Each composite
consisted of individual samples collected every 4 h over a 12 h period. The analyses focused
on Chemical Oxygen Demand (COD), Biochemical Oxygen Demand over 5 days (BOD5),
Total Suspended Solids (TSS), ibuprofen (IBU), paracetamol (PAR), and caffeine (CAF). The
analytical methods are explained in Section 2.5.

During the initial sampling of raw wastewater, the detected concentrations of pharma-
ceuticals were too low to allow for a meaningful evaluation of their removal in constructed
wetlands. To overcome this limitation, water stored in the septic tank was fortified to a con-
centration of 10 mg/L for each one of the compounds studied: paracetamol, ibuprofen, and
caffeine. This experimental adjustment ensured that removal processes could be observed
and quantified more clearly under controlled conditions.

In addition to facilitating the assessment of treatment performance, the spiking strategy
provides valuable insights into the potential behavior of constructed wetlands under higher
pharmaceutical loads than those currently encountered in domestic wastewater. That ap-
proach not only strengthens the understanding of removal mechanisms but also highlights
the applicability of constructed wetlands for treating more contaminated effluents, such as
hospital wastewater, where pharmaceutical concentrations are typically elevated.

2.4. Experimental Setup and Startup

The experimental system was constructed at the San Carlos wastewater treatment
plant (WWTP) in the city of Mérida, Yucatán, Mexico. The WWTP is abandoned, but the
sump pit still collects the neighborhood’s wastewater to pump it to another WWTP.

The experimental setup was adapted from the design reported by Vega De Lille
et al. [28]. It consisted of a polyethylene tank with a capacity of 1.1 m3, which worked as a
septic tank for pretreatment. The septic tank received the raw wastewater that was pumped
from WWTP’s sump pit. Then, the septic tank fed three vertical CWs (V-CWs). The V-CWs
were made of 1 cm thick glass, with dimensions 0.6 m × 0.4 m × 0.7 m. The V-CWs were
supported by tubular steel bases at a height of 0.6 m to ensure the system’s stability.
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PVC pipes and valves were used to connect the system and were located at the inlet
and outlet of each stage, including the septic tank. To pump the wastewater from the septic
tank to the V-CWs, a 1 HP submersible pump was used. A diagram of the Vertical CWs
system is shown in Figure 2.

Figure 2. V-CWs system diagram. (V1: gravel/sand with Typha dominguensis, V2: biochar/zeolite
with Typha dominguensis, V3: unplanted biochar/zeolite).

The variation for the three V-CWs was the substrate used as support media and the
plants. For the first wetland (V1), a 15 cm layer of 20–40 mm gravel was placed at the
bottom, while a 30 cm layer of 1–4 mm sand and a 15 cm layer of 5–10 mm gravel filled the
middle and upper part, following the recommendations by Vega De Lille et al., 2021 [28].
For the second and third wetlands (V2 and V3), 15 cm layers of 5–20 mm zeolite were
placed at the bottom and upper part of the V-CW, while a 35 cm layer of 0.5–2 mm biochar
filled the middle. Zeolite, gravel, and sand were bought from local materials stores. Finally,
the CWs walls were covered with plastic bags to avoid algae formation.

Typha dominguensis was the plant selected for this study because it has been widely
used in previous research conducted in Yucatán [29], demonstrating high adaptability
to local climatic and hydrological conditions. Its robust growth, tolerance to varying
pollutant loads, and effectiveness in removing nutrients and contaminants make it a
suitable macrophyte for constructed wetlands. The species were planted just in V1 and V2,
dividing the wetlands area into 6 quadrants of 20 cm × 25 cm and allocating one plant per
quadrant. V3 remained unplanted as a control wetland. The Typha dominguensis specimens
were taken in their adult stage from the Temozon Norte waterhole, on the outskirts of
Merida. Once planted in the CWs, an acclimatization plan was implemented. The system
was operated in batch mode for 2 months, with a contact time of 3 d, following the method
proposed by Vega De Lille et al., 2021 [28] to achieve the successful acclimatization of the
plant species.

2.5. System Operation and Monitoring

The vertical CWs system was operated in a batch configuration (fill and draw), using
a contact time of 4 d per cycle. At the beginning of each cycle, the septic tank was filled
with wastewater collected from the WWTP sump and allowed to settle for at least 30 min.
Subsequently, each V-CW was fed with the septic tank effluent at the start of the experiment
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(day 0). Once the V-CW units reached the 4 d retention period, the valves were opened,
and the effluent was collected. In total, 12 cycles were completed.

During the operation phase, system performance was evaluated by collecting samples
from the septic tank outlet before pumping and from the effluent of each V-CW unit once
the designated contact time had elapsed. The analyzed parameters included COD, BOD5,
TSS, ibuprofen, paracetamol, and caffeine, as described in the methods outlined in this
section. All parameters were measured in every cycle.

2.6. Sampling Procedure, Preparation, and Water Analysis

Effluent samples from each constructed wetland unit and the septic tank were collected
using a simple grab sampling method. For each sampling event, a single sample was taken
directly from the outlet of the respective unit at the end of the 4 d contact time. Samples
were immediately stored in clean, amber glass bottles and kept at 4 ◦C. Physicochemical
parameters (COD, BOD5, TSS) were analyzed within 24 h, according to the procedures
described in the Standard Methods for the Examination of Water and Wastewater [30],
ensuring standardized and reproducible results.

The samples for pharmaceutical analysis (ibuprofen, paracetamol, and caffeine) were
filtered through 0.45 µm membranes, acidified to a pH range of 2–3 with HCl, and stored
at 4 ◦C until quantification by High-Performance Liquid Chromatography (HPLC).

Pharmaceutical compounds in the wastewater samples were extracted and pre-
concentrated using a solid phase extraction (SPE) procedure prior to chromatographic
analysis. The SPE cartridges (C18, reversed phase) were first conditioned sequentially with
methanol and ultrapure water to activate the sorbent and ensure reproducible retention
of the analytes. Subsequently, 100 mL of the wastewater sample was passed through the
cartridge under vacuum at a constant flow rate to promote the adsorption of pharmaceu-
tical compounds onto the stationary phase. After sample loading, the cartridges were
rinsed with ultrapure water to remove matrix interferences and dried under vacuum to
eliminate residual moisture. Elution of the retained pharmaceuticals was then achieved
with a small volume of methanol, yielding a concentrated extract suitable for injection into
the HPLC system.

In cases where preliminary estimations suggested that pharmaceutical concentrations
in the spiked influent could be below the method’s analytical capacity—specifically the
limits of detection (LOD), limits of quantification (LOQ), and the validated linear range—
an additional sample concentration step was performed through controlled evaporation
of the eluates under a gentle nitrogen stream. This process allowed adjustment of the
analyte concentration within the validated working range of the method, thereby ensuring
reliable quantification and compliance with quality assurance requirements. When analyte
concentrations in the spiked samples exceeded the validated linear range of the HPLC
method, appropriate dilutions of the SPE eluates were performed with the initial mobile
phase prior to injection.

The concentrations of ibuprofen, caffeine, and paracetamol in wastewater samples
were determined using high-performance liquid chromatography (HPLC) with a UV
detector. Standard solutions of each pharmaceutical (5 mg/L) were prepared in the selected
mobile phase using 25 mL volumetric flasks. Chromatographic conditions were optimized
to simultaneously quantify ibuprofen, caffeine, and paracetamol, achieving proper peak
resolution. Separation was performed on a C18 Hypersil Gold column (Thermo Scientific,
Waltham, MA, USA) with a mobile phase composed of 70:30 water: methanol, a flow rate
of 1 mL/min, and a column temperature of 25 ◦C. The retention times were 4.18 min for
ibuprofen, 5.02 min for paracetamol, and 7.80 min for caffeine, with detection wavelengths
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of 272 nm for ibuprofen and caffeine, and 254 nm for paracetamol. Each run lasted 12 min
per sample.

The method was fully validated. Linearity was assessed by injecting standard solutions
at different concentrations and integrating peak areas using Chromeleon 7.0. Calibration
curves were obtained for each compound, showing linear responses with correlation
coefficients (R) greater than 0.98 in the ranges of 0.5–5 mg/L for paracetamol and caffeine,
and 1–5 mg/L for ibuprofen. Limits of detection (LOD) and quantification (LOQ) were
determined, and accuracy was evaluated through recovery tests, yielding 97–103% for
all three compounds. Precision, evaluated both intra- and inter-day, showed relative
standard deviations of less than 2%. Selectivity was confirmed by calculating resolution
factors (Rs) between ibuprofen–paracetamol, paracetamol–caffeine, and ibuprofen–caffeine,
all of which indicated satisfactory separation. This validation ensured the method was
reliable, accurate, precise, and selective for quantifying the target pharmaceuticals in
wastewater samples.

2.7. Data and Statistical Analysis

The removal efficiency of ibuprofen, paracetamol, and caffeine in each constructed
wetland unit was calculated based on the influent and effluent concentrations measured by
HPLC. Removal (%) was determined using Equation (1):

%R =
Cinfluent − Ceffluent

Cinfluent
× 100 (1)

where %R is the removal efficiency (%), Cinfluent is the influent concentration (mg/L), and
Ceffluent is the effluent concentration (mg/L). The data were processed using Microsoft Excel
365, and statistical analyses were performed with R software (version 4.3.1). Mean removal
efficiencies and standard deviations were calculated for each wetland configuration. A
one-way ANOVA was performed to assess the effects of vegetation (Typha dominguensis vs.
no plants) and then another one for the substrate type (biochar/zeolite vs. gravel/sand) on
removal efficiencies, including the interaction between these factors. Post hoc comparisons
were conducted using Tukey’s test at p < 0.05.

3. Results
3.1. Influent and Septic Tank Characterization

The results obtained in the influent characterization campaign are shown in Table 2.
They exhibit both similarities and deviations when compared to the measurements
from 2018 in the same WWTP [28] and the standard ranges established by Metcalf &
Eddy Inc. [31]. For example, the COD concentration in raw domestic wastewater was
817.70 ± 71.83 mg/L, slightly lower than the 856.61 ± 279.67 mg/L reported in 2018,
yet still within the typical range of 250–1000 mg/L cited by Metcalf & Eddy. Similarly,
BOD5 values in this study (365.76 ± 75.79 mg/L) are consistent with both the 2018 data
(329.58 ± 40.53 mg/L) and the standard range of 110–400 mg/L. However, the TSS con-
centration (644.57 ± 118.19 mg/L) is notably higher than the average values reported
in Metcalf & Eddy (150–350 mg/L), suggesting a possible increase in particulate matter,
potentially due to changes in household practices or infrastructure aging.
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Table 2. Raw domestic wastewater characterization and monitoring of the septic tank.

Parameter Raw Domestic Water
Typical and Reported

Concentrations in
Domestic Wastewater [31]

COD (mg/L) 817.70 ± 71.83 250–1000
BOD5 (mg/L) 365.76 ± 75.79 230–560

TSS (mg/L) 644.57 ± 118.19 150–350
Ibuprofen (µg/L) 0.97 ± 0.12 1.05–1096

Paracetamol (µg/L) 4.21 ± 0.39 0.04–41.7
Caffeine (µg/L) 11.90 ± 0.44 9.05–89.5

The performance of the septic tank evaluated in this study (Table 3) showed variable
removal efficiencies across different parameters, with the highest effectiveness observed in
the removal of total suspended solids (TSS).

Table 3. Characterization and monitoring of the septic tank with removal efficiency.

Parameter
Septic Tank

Average Removal
EfficiencyInlet

Concentration
Outlet

Concentration

COD (mg/L) 817.70 ± 71.83 462.19 ± 57.66 43.47%
BOD5 (mg/L) 365.76 ± 75.79 286.39 ± 52.49 20.87%

TSS (mg/L) 644.57 ± 118.19 304.99 ± 68.66 52.68%
Ibuprofen (µg/L) 0.97 ± 0.12 0.89 ± 0.02 8.24%

Paracetamol (µg/L) 4.21 ± 0.39 4.06 ± 0.08 3.56%
Caffeine (µg/L) 11.90 ± 0.44 10.92 ± 0.34 8.23%

3.2. Removal of Organic Matter (COD and BOD5) and Suspended Solids (TSS) in V-CW

All three V-CW configurations—V1 (gravel/sand with vegetation), V2 (biochar/zeolite
with vegetation), and V3 (biochar/zeolite without vegetation)—achieved high removal
efficiencies for organic matter and suspended solids. The average COD removal efficiencies
were 89.4 ± 2.7% for V1, 91.7 ± 1.4% for V2, and 91.4 ± 2.3% for V3. For BOD5, the removal
rates were 93.3 ± 2.9% (V1), 93.8 ± 1.1% (V2), and 93.7 ± 1.9% (V3). TSS removal was also
consistently high across all systems, with V1 achieving 94.5 ± 3.5%, V2 96.0 ± 2.3%, and
V3 96.6 ± 2.0%.

These results are summarized in Tables 4 and 5, which present the mean efflu-
ent concentrations, removal efficiencies, and standard deviations for each parameter
and configuration.

Table 4. COD, BOD5, and TSS effluent concentration in V-CW units.

Parameters
Concentration in CW Units Effluent

Septic Tank V1 V2 V3

COD (mg/L) 462.19 ± 57.66 49.38 ± 11.06 38.78 ± 7.33 40.69 ± 12.73
BOD5 (mg/L) 286.39 ± 52.49 19.71 ± 9.55 18.09 ± 3.65 18.39 ± 6.92

TSS (mg/L) 304.99 ± 68.66 18.14 ± 11.39 13.06 ± 7.67 11.16 ± 6.54
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Table 5. COD, BOD5, and TSS removal efficiencies in V-CW units.

Parameters
Removal (%) in CW Units

V1 V2 V3

COD 89.4 ± 2.7 91.7 ± 1.4 91.4 ± 2.3
BOD5 93.3 ± 2.9 93.8 ± 1.1 93.7 ± 1.9
TSS 94.5 ± 3.5 96.0 ± 2.3 96.6 ± 2.0

3.3. Pharmaceutical Removal (Ibuprofen, Paracetamol, Caffeine)

The removal of pharmaceutical compounds was evaluated for each V-CW con-
figuration. Ibuprofen removal efficiencies were 81.8 ± 8.2% (V1), 91.5 ± 4.7% (V2),
and 90.4 ± 4.9% (V3). Paracetamol removal was similarly high, with 90.0 ± 4.6% (V1),
94.2 ± 3.7% (V2), and 94.3 ± 3.5% (V3). Caffeine showed the highest removal rates among
the pharmaceuticals, with 93.1 ± 2.3% (V1), 97.2 ± 2.1% (V2), and 96.5 ± 2.8% (V3).

Effluent concentrations and removal efficiencies for each compound are detailed in
Tables 6 and 7.

Table 6. Ibuprofen, Paracetamol, and Caffeine effluent concentration in V-CW units.

Parameters
Concentrations in CW Units Effluent

Septic Tank V1 V2 V3

Ibuprofen (µg/L) 9.54 ± 0.61 1.64 ± 0.73 0.77 ± 0.42 0.86 ± 0.44
Paracetamol (µg/L) 9.78 ± 0.34 0.97 ± 0.46 0.56 ± 0.36 0.55 ± 0.34

Caffeine (µg/L) 9.78 ± 0.29 0.66 ± 0.21 0.26 ± 0.19 0.33 ± 0.26

Table 7. Ibuprofen, Paracetamol, and Caffeine removal efficiencies (%) in V-CW units.

Parameters
Removal (%) in CW Units

V1 V2 V3

Ibuprofen 81.8 ± 8.2 91.5 ± 4.7 90.4 ± 4.9
Paracetamol 90.0 ± 4.6 94.2 ± 3.7 94.3 ± 3.5

Caffeine 93.1 ± 2.3 97.2 ± 2.1 96.5 ± 2.8

3.4. Statistical Analysis Results

To evaluate the influence of vegetation and substrate type on the removal efficiency of
various water quality parameters, a one-way ANOVA was performed separately for each
factor: vegetation presence (planted vs. unplanted) and substrate type (gravel/sand vs.
biochar/zeolite). The results are summarized in terms of F-values and p-values for each
parameter in Table 8.

Table 8. One-way ANOVA Results.

Parameter
Planted vs. Unplanted Gravel/Sand vs.

Biochar/Zeolite

F-Value p-Value F-Value p-Value

COD 0.024 0.878 0.193 0.664
BOD5 0.001 0.973 0.009 0.924

TSS 0.433 0.517 0.813 0.377
Ibuprofen 1.310 0.266 10.720 0.003

Paracetamol 0.844 0.368 3.475 0.075
Caffeine 0.524 0.476 4.585 0.043

F-values and p-values in red indicate a significant difference.
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The analysis revealed that substrate type had a statistically significant effect on the
removal of ibuprofen (p = 0.0035) and caffeine (p = 0.0436). In contrast, vegetation presence
did not show a statistically significant effect on the removal of any parameter, with all
p-values exceeding 0.266.

The post hoc comparisons (Tukey Method with a 95% confidence) in Tables 9
and 10 revealed significant differences in caffeine and ibuprofen removals between the
support medium used; the Biochar/Zeolite medium showed the highest removal for
both compounds.

Table 9. Post Hoc Comparison for Ibuprofen in Gravel/Sand vs. Biochar/Zeolite CWs (Tukey Method
and 95% Confidence).

Factor n Mean Removal (mg/L) Grouping

Biochar/Zeolite 16 8.222 A
Gravel/Sand 8 7.397 B

Table 10. Post Hoc Comparison for Caffeine in Gravel/Sand vs. Biochar/Zeolite CWs (Tukey Method
and 95% Confidence).

Factor n Mean Removal (mg/L) Grouping

Biochar/Zeolite 16 9.241 A
Gravel/Sand 8 8.878 B

An additional One-way ANOVA (Table 11) was calculated to compare the removal
efficiencies of planted and unplanted V-CWs that used biochar and zeolite. There were
no statistically significant effects on the removal of any parameter or pharmaceutical. All
p-values exceeded 0.698.

Table 11. One-way ANOVA Results to compare Planted vs. Unplanted Biochar/Zeolite CWs.

Parameter Planted vs. Unplanted

F-Value p-Value

COD 0.010 0.941
BOD5 0.000 0.987

TSS 0.070 0.800
Ibuprofen 0.160 0.698

Paracetamol 0.000 0.964
Caffeine 0.500 0.821

4. Discussion
4.1. Influent Characterization

The presence of pharmaceutical compounds such as ibuprofen, paracetamol, and caf-
feine in wastewater has been documented in various regions of Mexico, with concentrations
ranging from 1.09 to 9.66 µg/L for ibuprofen [32–34], up to 34.3 µg/L for paracetamol,
and up to 39.3 µg/L for caffeine [35]. In Yucatán, specifically, caffeine has been detected
in coastal lagoons at concentrations up to 2.39 µg/L [36], indicating anthropogenic influ-
ence. However, data on ibuprofen and paracetamol in this region remain scarce. This
study provides new insights into the concentrations of these pharmaceuticals in raw do-
mestic wastewater in Yucatán, with measured values of 0.97 ± 0.12 µg/L for ibuprofen,
4.21 ± 0.39 µg/L for paracetamol, and 11.90 ± 0.44 µg/L for caffeine.

These results suggest that while the concentrations of ibuprofen and paracetamol in
Yucatán’s wastewater are within the lower range of national reports, caffeine levels appear
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comparatively elevated. This could reflect increased consumption patterns or differences
in wastewater management practices [37].

4.2. Septic Tank Performance

The performance of the septic tank evaluated in this study (Table 3) showed variable
removal efficiencies across different parameters, with the highest effectiveness observed
in the removal of total suspended solids (TSS). The average TSS removal was 81.24%,
confirming the primary function of the septic tank as a sedimentation unit, where particulate
matter is efficiently retained. This result is consistent with the 2018 study [28], which
reported a 71.62% reduction (from 674.83 to 191.55 mg/L), indicating stable performance in
solids retention over time.

Regarding organic matter, the system achieved a 56.09% reduction in COD and 47.81%
in BOD5, which are slightly lower than the 2018 values of 73.16% and 69.49%, respectively.
These differences may be attributed to changes in the characteristics of raw wastewater,
potentially influenced by population growth, shifts in domestic consumption habits, and
the use of household products between 2018 and 2022.

The presence of ibuprofen (0.89 ± 0.02 µg/L), paracetamol (4.06 ± 0.08 µg/L), and
caffeine (10.92 ± 0.34 µg/L) was detected in the septic tank with low average removal
efficiencies of 8.28%, 3.68%, and 8.25%, respectively. These low removal rates are ex-
pected, as septic tanks are not designed to remove pharmaceutical compounds, which are
typically dissolved.

Overall, the results confirm that the septic tank effectively fulfills its primary role in
removing solids and part of the organic load. However, it is limited in addressing emerging
contaminants, highlighting the need for complementary treatment if higher effluent quality
is desired.

4.3. Removal of Organic Matter (COD and BOD5) and Suspended Solids (TSS)

The performance of the three vertical constructed wetlands (V-CWs)—V1 (gravel/sand
with vegetation), V2 (biochar/zeolite with vegetation), and V3 (biochar/zeolite without
vegetation)—was evaluated in terms of their ability to remove organic matter and sus-
pended solids from fortified wastewater. The results revealed high removal efficiencies
across all systems, yet some differences emerged when comparing their configurations.

In terms of chemical oxygen demand (COD), V2 achieved the highest removal effi-
ciency at 91.73%, followed closely by V3 at 91.38% and V1 at 89.4%. Similarly, for biochemi-
cal oxygen demand (BOD5), V2 and V3 reached 93.78% and 93.74%, respectively, while V1
attained 93.3%. These results suggest that the use of biochar and zeolite as support media
significantly enhances organic matter removal, likely due to their high surface area, porosity,
and ion-exchange capacity [21,38]. These properties facilitate both adsorption of organic
compounds and microbial colonization, which in turn promote enzymatic degradation of
complex pollutants [39–42].

The slightly superior performance of V2 compared to V3 indicates that vegetation,
represented by Typha dominguensis, plays a complementary role. Plant roots contribute to
rhizosphere oxygenation and release exudates that stimulate microbial activity, enhancing
biodegradation processes [41]. However, the marginal difference between V2 and V3 sug-
gests that substrate composition is the dominant factor influencing organic matter removal,
while vegetation provides additional but limited benefits under the tested conditions.

V1, the conventional system using gravel and sand, demonstrated effective but com-
paratively lower removal rates. This configuration relies primarily on physical filtration
and microbial processes supported by mineral substrates and vegetation [43]. Although it
achieved substantial reductions in COD and BOD5, its performance was outpaced by the
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engineered biochar–zeolite systems, highlighting the importance of substrate selection in
optimizing wetland treatment.

Regarding total suspended solids (TSS), all three systems exhibited excellent removal
capabilities. V3 achieved the highest efficiency at 96.61%, followed by V2 at 96.04%
and V1 at 94.49%. The final effluent concentrations were 11.16 ± 6.54 mg/L for V3,
13.06 ± 7.67 mg/L for V2, and 18.14 ± 11.39 mg/L for V1. These results underscore the
effectiveness of biochar and zeolite in physically capturing and retaining suspended par-
ticles. The superior performance of V3, despite the absence of vegetation, confirms that
the physicochemical properties of the substrates alone are sufficient to achieve high TSS
removal [44,45].

Interestingly, the minimal difference between V2 and V3 in TSS removal further
supports the notion that vegetation has limited influence on this parameter. While Typha
dominguensis may contribute to nutrient uptake and microbial stimulation, its role in
suspended solids retention appears secondary compared to the filtration and adsorption
capacity of the substrates [46,47].

The comparative analysis of V1, V2, and V3 demonstrated that biochar–zeolite systems
(V2 and V3) outperform the traditional gravel–sand system (V1) in removing both organic
matter and suspended solids. The results highlight the synergistic effects of biochar and
zeolite, which combine strong adsorption potential with microbial support. These findings
reinforce the value of engineered substrates in constructed wetlands and suggest that
future designs should prioritize substrate composition to enhance treatment efficiency,
particularly for emerging contaminants and multi-pollutant scenarios.

4.4. Pharmaceutical Removal
4.4.1. Ibuprofen

The removal of ibuprofen (IBU) in the vertical constructed wetlands (V-CWs) evaluated
in this study provides valuable insights into the mechanisms governing the elimination of
pharmaceuticals in nature-based treatment systems. The three configurations tested—V1
(gravel–sand with vegetation), V2 (biochar–zeolite with vegetation), and V3 (biochar–
zeolite without vegetation)—achieved removal efficiencies of 81.84%, 91.51%, and 90.44%,
respectively. These results confirm that the combination of biochar and zeolite significantly
enhances IBU removal compared to conventional mineral substrates.

The statistical analysis revealed that substrate type had a significant effect on IBU
removal (p = 0.003), while vegetation presence did not (p > 0.266). This indicates that
the physicochemical properties of biochar and zeolite are the primary drivers of removal,
rather than plant-mediated processes. The negligible difference between V2 and V3 further
supports this conclusion.

Biochar, produced via pyrolysis, possesses a high surface area, abundant micropores,
and diverse functional groups [48]. These characteristics facilitate adsorption through
multiple mechanisms, including π–π stacking, hydrogen bonding, and pore filling [49–51].
Literature reports maximum adsorption capacities for modified biochars ranging from
200.73 mg/g (grass jelly tree waste) to over 1000 mg/g (ZnAl/biochar composites) [52,53].
Zeolite complements biochar by providing ion exchange capacity and structural stabil-
ity, and its adsorption performance is influenced by its SiO2/Al2O3 ratio and surface
modifications [54].

In acidic conditions (pH < 6.3), the biochar surface becomes positively charged, en-
hancing electrostatic attraction with the negatively charged ibuprofen molecules. This
pH-dependent behavior has been confirmed in multiple studies, where lower pH values
consistently improve adsorption efficiency [48,49,55]. Although pH was not controlled in
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this study, the high removal rates observed suggest that favorable conditions for adsorption
were present.

While the experimental design did not include kinetic modeling or isotherm studies,
the observed removal trends align with mechanisms described in the literature. Adsorp-
tion of IBU onto biochar typically follows Langmuir isotherm behavior, indicating mono-
layer coverage on homogeneous surfaces [56,57]. Kinetic studies often fit pseudo-second-
order or Elovich models, suggesting chemisorption and surface diffusion as dominant
processes [56–59].

The absence of direct kinetic and equilibrium data in this study limits the ability
to quantify adsorption parameters such as rate constants, equilibrium capacities, and
thermodynamic behavior. Therefore, the mechanistic interpretation is based on compara-
tive performance and supported by external evidence. Future work should incorporate
batch adsorption experiments and modeling to validate these mechanisms and optimize
system design.

In addition to adsorption, biodegradation plays a crucial role in IBU removal, particu-
larly in systems with sufficient oxygen availability, such as V-CWs [60]. Aerobic microbial
degradation is widely recognized as the primary biological pathway, with identified in-
termediates such as carboxy-ibuprofen and hydroxy-ibuprofen, indicating a stepwise
transformation. Both metabolic and cometabolic pathways are involved, with some bacte-
ria capable of directly degrading IBU, while others contribute through the production of
enzymes [61,62].

Constructed wetlands provide a conducive environment for microbial activity, espe-
cially when substrates such as biochar and zeolite support colonization [14,63]. Although
vegetation can enhance microbial processes through rhizosphere oxygenation and root
exudates [64–66], the minimal difference between V2 and V3 (p = 0.698) suggests that
substrate-driven microbial activity was sufficient under the tested conditions.

Reported removal efficiencies in planted and aerated systems range from 70% to 99%,
depending on hydraulic retention time (HRT), substrate type, and plant species [67,68].
In this study, the batch operation with a 4-day contact time likely provided adequate
conditions for microbial degradation, complementing the adsorption processes.

The high removal efficiencies observed in V2 and V3 reflect the synergistic interaction
between adsorption and biodegradation. Adsorption serves as the initial capture mecha-
nism, concentrating IBU on the substrate surface and reducing its mobility. This facilitates
subsequent microbial degradation, particularly in biofilms formed on biochar and zeolite
particles. The dual functionality of these substrates—physical adsorption and biological
support—makes them ideal for pharmaceutical removal in constructed wetlands.

Zeolite may also enhance the bioavailability of nutrients for microbial activity. Its
porous structure and ion exchange properties create microenvironments that favor micro-
bial colonization and nutrient retention [69,70].

4.4.2. Paracetamol

The removal of paracetamol (PCM) in the three vertical constructed wetland (V-CW)
configurations evaluated in this study—V1 (gravel–sand with vegetation), V2 (biochar–
zeolite with vegetation), and V3 (biochar–zeolite without vegetation)—demonstrated con-
sistently high efficiencies, with recorded values of 90.03%, 94.2%, and 94.3%, respectively.
Although the statistical analysis did not confirm a significant difference between con-
figurations (p = 0.0757), the trend suggests that substrate composition, particularly the
inclusion of biochar and zeolite, plays a more influential role than vegetation in enhancing
PCM removal.
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The elevated removal efficiencies observed in V2 and V3 are consistent with the
known adsorption capacities of biochar and zeolite. Biochar, especially when produced
under optimized pyrolysis conditions, exhibits high surface area, porosity, and functional
groups (e.g., hydroxyl, carboxyl, carbonyl) that facilitate adsorption through hydrogen
bonding, π–π stacking, and van der Waals interactions. Reported adsorption capacities for
biochar range from 20 to 286 mg/g, depending on feedstock and activation method [71,72].
Zeolite, particularly MFI-type structures, contributes through micropore confinement and
electrostatic interactions, with capacities reaching up to 85 mg/g [73,74].

In this study, the lack of kinetic and isotherm modeling prevents a quantitative assess-
ment of adsorption behavior. No Langmuir or Freundlich isotherms were fitted, and no
pseudo-first or pseudo-second-order kinetic models were applied. As such, the interpreta-
tion of adsorption mechanisms is based on comparative performance and supported by
literature rather than direct experimental evidence.

Beyond adsorption, biodegradation is a critical pathway for PCM removal in con-
structed wetlands. Aerobic microbial communities, particularly those dominated by Pro-
teobacteria and Pseudomonas spp., are known to metabolize PCM through enzymatic
pathways involving peroxidases and glutathione S-transferases [75–77]. As occurred with
IBU, the minimal difference between V2 and V3 suggests that substrate-supported microbial
activity was sufficient to drive biodegradation, even in the absence of vegetation.

The batch operation with a 4-day hydraulic retention time (HRT) likely provided
adequate contact for microbial transformation. Literature reports half-lives for PCM rang-
ing from 5 to 10 h under aerobic conditions [78], indicating that the system design was
appropriate for biological degradation.

Paracetamol adsorption and biodegradation are sensitive to environmental conditions,
particularly pH and ionic strength [79]. Optimal adsorption typically occurs near neutral
pH, with reduced efficiency under alkaline conditions due to electrostatic repulsion and
desorption [79,80]. Ionic strength, especially in the presence of competing ions such as
Na+ or Cl−, can negatively affect adsorption by shielding active sites and introducing
competition [79,81].

In this study, pH and ionic strength were not measured or controlled, representing a
limitation in interpreting the environmental influence on removal mechanisms. While the
observed efficiencies suggest favorable conditions, future studies should include systematic
monitoring of these parameters to better understand their role in the removal of PCM.

4.4.3. Caffeine Removal

The results obtained in this study confirm that vertical constructed wetlands (V-CWs)
are highly effective for the removal of caffeine from wastewater. All three configurations—
V1 (gravel–sand with vegetation), V2 (biochar–zeolite with vegetation), and V3 (biochar–
zeolite without vegetation)—achieved removal efficiencies above 93%, with V2 reaching
the highest at 97.23%. These findings are consistent with reported values in the literature,
where V-CWs typically achieve caffeine removal rates between 70% and 97%, depending
on the system design and operational conditions [82,83].

Caffeine’s physicochemical properties—particularly its high solubility and low log
Kow—limit its retention on inert substrates such as gravel and sand [84]. In contrast, biochar
exhibits significantly higher adsorption capacities, ranging from 5 to 275 mg/g [85,86].

The adsorption of caffeine onto biochar is governed by a combination of electrostatic
interactions, hydrogen bonding, and π–π stacking between caffeine molecules and surface
functional groups, including hydroxyl, carboxyl, and carbonyl groups. These interactions
are susceptible to environmental conditions [87,88]. Acidic pH (3–4.5) enhances electrostatic
attraction, while elevated temperatures promote endothermic adsorption [87,89]. Ionic
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strength, particularly the presence of divalent cations like Ca2+ and Mg2+, can reduce
adsorption efficiency due to competition for active sites [89].

Zeolite contributes through ion exchange and physical confinement within its microp-
orous structure. The Si/Al ratio of zeolite influences its surface charge and hydrophobicity,
affecting both adsorption capacity and selectivity. Surface modifications, such as ceria deco-
ration (cerium oxide, CeO2) or iron impregnation, have been shown to enhance adsorption
performance and regeneration potential [90].

Although this study did not experimentally evaluate adsorption kinetics or isotherms,
the high caffeine removal efficiencies observed in V2 (97.23%) and V3 (96.55%) suggest
that adsorption played a significant role alongside biodegradation. Literature reports
suggest that chemisorption is the dominant mechanism, involving valence forces through
the sharing or exchange of electrons between caffeine molecules and the adsorbent surface.
For zeolite, both pseudo-first-order and pseudo-second-order models have been observed,
depending on the degree of surface modification and Si/Al ratio.

Regarding equilibrium behavior, caffeine adsorption onto biochar and zeolite is well
described by the Langmuir and Freundlich isotherm models. The Langmuir model suggests
monolayer adsorption on a homogeneous surface, whereas the Freundlich model accounts
for heterogeneous surface energies and multilayer adsorption [87,91]. The strong fit to
these models in previous studies supports the hypothesis that the biochar–zeolite matrix in
V2 and V3 provided favorable conditions for rapid and efficient caffeine adsorption, even
in the absence of vegetation.

However, it is important to note that most kinetic and isotherm data are derived
from controlled laboratory experiments using synthetic solutions [92]. Real wastewater
contains competing organic matter and variable ionic strength, which can affect adsorption
dynamics. Therefore, future studies should incorporate batch and column experiments
using actual wastewater to validate these models and quantify adsorption parameters
under realistic conditions.

Microbial degradation is an important mechanism for caffeine removal in V-CWs. The
vertical flow design promotes aerobic conditions in the upper layers of the substrate, which
are ideal for caffeine-degrading bacteria [82,83]. Key microbial taxa involved include Pseu-
domonas putida, Alcaligenes, and Rhodococcus, which utilize N-demethylation and oxidation
pathways to break down caffeine into less toxic metabolites [93,94].

The presence of vegetation, although not statistically significant in this study, may
enhance microbial diversity and activity through the release of root exudates and oxy-
gen [14,82,83]. However, the comparable performance of V2 and V3 suggests that
the biochar–zeolite matrix alone provides sufficient support for microbial colonization
and activity.

The vertical stratification of redox zones in V-CWs allows for both aerobic and anaer-
obic degradation processes. Aerobic zones facilitate the rapid breakdown of caffeine,
while deeper anoxic layers may support methanogenic and sulfate-reducing bacteria
that contribute to complete mineralization [83,95]. The 4-day hydraulic retention time
used in this study likely provided adequate contact for both adsorption equilibrium and
microbial transformation.

The high removal efficiencies observed in V2 and V3 reflect the synergistic inter-
action between adsorption and biodegradation. Adsorption serves as an initial capture
mechanism, concentrating caffeine on the substrate surface and reducing its mobility. This
facilitates subsequent microbial degradation, particularly within biofilms formed on biochar
and zeolite particles. The dual functionality of these substrates—physical adsorption and
biological support—makes them ideal for caffeine removal in constructed wetlands.
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4.4.4. Pharmaceutical Removal Inhibition by Other Compounds

The removal efficiency of pharmaceuticals such as caffeine, ibuprofen, and paracetamol
in CWs is significantly influenced by the presence of co-contaminants. Inhibition phenom-
ena are primarily driven by complex interactions between pharmaceuticals and other
pollutants, including heavy metals, surfactants, and microplastics. These co-contaminants
exert toxic effects on microbial communities, disrupt enzymatic degradation pathways,
and compete for sorption sites, thereby reducing the overall removal efficiency of target
compounds [96,97].

Heavy metals (e.g., Cu, Zn, Cd, Pb) and surfactants, commonly found in industrial
and hospital effluents, are particularly potent inhibitors. They interfere with microbial
enzymatic activity and promote shifts in microbial community structure, often leading to
reduced biodiversity and increased proliferation of resistance genes [96,97]. Microplastics
further exacerbate inhibition by physically blocking substrate pores, altering microbial
habitats, and serving as vectors for other contaminants [98].

Plant-microbe interactions also contribute to the complexity of inhibition. Root exu-
dates can either stimulate microbial degradation or, under stress conditions, alter microbial
activity and exacerbate inhibition [61,99]. The selection of plant species and management
of root exudate profiles are therefore essential for maintaining system resilience.

Future research should focus on elucidating specific microbial and enzymatic path-
ways affected by co-contaminants and developing real-time monitoring tools to assess
inhibition in operational systems dynamically.

5. Conclusions
This study demonstrates that vertical constructed wetlands (V-CWs) are highly ef-

fective in removing pharmaceutical contaminants, including ibuprofen, paracetamol, and
caffeine, as well as conventional water quality parameters such as COD, BOD5, and TSS.
Configurations using biochar and zeolite (V2 and V3) consistently outperformed the tra-
ditional gravel–sand system (V1), particularly in the removal of ibuprofen and caffeine.
Mean removal efficiencies reached up to 91.5% for ibuprofen, 94.3% for paracetamol, and
97.2% for caffeine.

Statistical analysis confirmed that substrate type significantly influenced pharmaceu-
tical removal (p = 0.003 for ibuprofen, p = 0.043 for caffeine), while vegetation presence
had no significant effect. The dominant removal mechanisms were adsorption—driven
by the physicochemical properties of biochar and zeolite—and biodegradation, supported
by microbial activity within the substrate. Vegetation contributed modestly to organic
matter removal but did not significantly enhance pharmaceutical degradation under the
tested conditions.

Future research should focus on optimizing biochar–zeolite ratios and substrate dos-
ing, conducting adsorption isotherm and kinetic modeling, evaluating long-term substrate
regeneration and stability, and performing cost-effectiveness analyses. Field-scale vali-
dation and multi-contaminant performance assessments are also recommended, partic-
ularly in regions with vulnerable aquifers such as the Yucatán Peninsula. These find-
ings support the use of engineered substrates in nature-based solutions for decentralized
wastewater treatment.
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APHA American Public Health Association
AOPs Advanced Oxidation Processes
BOD5 Biochemical Oxygen Demand over 5 days
CAF Caffeine
COD Chemical Oxygen Demand
CW Constructed Wetland
d Days
HPLC High-Performance Liquid Chromatography
HLR Hydraulic Loading Rate
IBU Ibuprofen
LOQ Limit of Quantification
LOD Limit of Detection
mg/L Milligrams per Liter
PCM Paracetamol
PPCP Pharmaceuticals and Personal Care Products
Rs Resolution Factor
SPE Solid Phase Extraction
TSS Total Suspended Solids
V1 Wetland with gravel/sand and vegetation
V2 Wetland with biochar/zeolite and vegetation
V3 Wetland with biochar/zeolite without vegetation
VFCW Vertical Flow Constructed Wetland
WWTP Wastewater Treatment Plant
µg/L Micrograms per Liter
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