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Introduction: Population growth and increasing water demand have
exacerbated water resource scarcity. Treated wastewater (TWW) is a valuable
alternative resource, but its complex composition, including micropollutants,
raises concerns about reuse risks. Reactive barriers (RB) made with natural
materials offer a solution to remove TWW contaminants. Evaluating RB
process effectiveness and comprehending contaminant fate remain
challenging. Recent advances in High-Resolution Mass Spectrometry (HRMS)
and non-target analysis (NTA) provide an opportunity to identify contaminants
and evaluate RB processes. The study aims to develop an NTA approach to assess
RB effectiveness and understand the NTA contribution for broadening
perspectives on the impact of reactive barrier treatment.

Methods: In a serie of batch experiments, TWW was mixed with a RB under two
conditions: TWW in contact with RB (TWW+RB) and TWW alone (TWW). After 1 h
of contact, samples were extracted and analyzed using HPLC-HRMS. NTA
workflow and statistical comparison between the two sample conditions were
applied for data treatment. Additionally, a quantitative method was applied to 28
pharmaceutical residues. Sorption (%) was calculated by comparing
concentrations in TWW+RB and TWW experiments. NTA’s applicability for
sorption estimation was investigated using intensities from differential analysis.

Results: Differential analysis shows significant differences in compounds that
decrease or increase after contact with BR. A prioritization workflow identified
and annotated 115 compounds. Natural products predominantly increased after
RB contact, while compounds exhibited a significant 75% decrease in peak area
are mainly pharmaceuticals. Notably, 61% of these molecules were sorbed at
more than 50%. The sorption of emerging contaminants (ECs) estimated by NTA
correlated satisfactorily with sorption quantified through target analysis, although
caution regarding the matrix effect is necessary.

Discussion: NTA provides a comprehensive view of RB treatment performance,
giving information on the compounds released by the barrier and its sorption
capacity. NTA emphasizes the benefits of RB treatment while highlighting the
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need to study compounds reloaded by RB. It is a powerful tool for understanding
the advantages of nature-based reactive barrier treatment in improving the
quality of TWW.
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1 Introduction

Population growth, rising water demand, urbanization, and
climate change lead to scarcity of water resources. Confronting
this issue requires finding alternative resources. Treated
wastewater (TWW) is a valuable resource that can be
reclaimed for a variety of purposes, including irrigation,
industrial processes, and groundwater recharge (Jana et al.,
2018; Radingoana et al., 2020; Tokay Yilmaz et al., 2023).
Agricultural reuse benefits from wastewater nutrients and
organic matter whenever significantly affects soil texture
properties, biomass, and microbiota (Pedrero et al., 2010;
Hoogendijk et al., 2023); industrial reuse protects water
resources by limiting freshwater consumption but needs
advanced treatment to improve water quality (Arabzadeh et al.,
2023); groundwater recharge prevents aquifers depletion and
over-exploitation (Verma et al., 2023) but is recognized to
modify water quality (Bekele et al., 2011). The advantages and
drawbacks related to the reuse of TWW are linked to its
composition. TWW is a complex and variable mixture,
depending on the source and the treatment processes used,
that contains a wide range of compounds, including nutrients,
organic matter, microorganisms, pathogens, and micropollutants.
These micropollutants, including pharmaceuticals, pesticides and
personal care products, have been detected in TWW all over the
world (Adeleye et al., 2022). The presence of such compounds in
the aquatic system are recognized to impact both environment
and human health, even at very low concentrations (Carter et al.,
2019; Shahriar et al., 2021). The presence of these contaminants in
TWW raises concerns regarding the risks associated with their
reuse and motivate the consideration of additional treatments to
improve the water quality before its reuse.

Among the tertiary treatments, nature-based reactive barrier
(RB) made with natural materials such as compost, clay, sand, and
other natural materials, have demonstrated effectiveness in
removing contaminants from TWW (Blum et al., 2019;
Valhondo et al., 2020a; Patel et al., 2021). Valhondo et al.
(2020b) also demonstrated a significant reduction in pathogens
(including total coliforms and Escherichia coli.) by 2.5 to 5 log
units in TWW following RB treatment. Additionally, Perez-
Mercado et al. (2019) showed a reduction in pathogens using
biochar filters. The composition of the reactive barrier must be
carefully selected based on specific economic and environmental
criteria, such as price, accessibility, and proximity. However, the
mechanisms of contaminant removal are complex (sorption,
transformation, biodegradation), and the potential for release of
previously unidentified contaminants and transformation products
(TPs) during the treatment process remains a concern. The diverse
composition of TWW and the wide diversity of materials available

for constructing reactive barriers present a significant challenge in
understanding the fate of contaminants for evaluating the
effectiveness of RB processes and to identify the fate of
contaminants within them.

Traditionally, studies have focused on using High Resolution
Mass Spectrometry (HRMS) targeted analyses (Valhondo et al.,
2020b; Lei et al., 2023). However, for a universal assessment of the
impact of RB treatment on TWW a more holistic approach is
necessary. Suspect screening (SSA) and non-target analysis (NTA)
have been developed to assess the presence of all the compounds of
a sample (Sobus et al., 2018). NTA has emerged as a powerful
analytical tool, widely recognized for its effectiveness in identifying
contaminants in various applications (Kunzelmann et al., 2018;
Hollender et al., 2019), including environmental monitoring and
contaminant identification. NTA has also been used for other
TWW treatments (Hollender et al., 2023), to assess for example to
the transformation products formation in ozonation processes
(Gulde et al., 2021; Alharbi et al., 2022) or advanced oxidation
processes (AOP) (Tisler et al., 2022). However, the sample
preparation restricts the detection of certain compounds. To
minimize the occurrence of false negatives, the extraction of
wastewater samples using Oasis HLB cartridges has already
been demonstrated their effectiveness for the detection of a
wide variety of emerging contaminants (ECs) and TPs (Wang
et al., 2020). NTA can be use in different way depending of the
application. Widely used in metabolomics applications, the
differential approach enables two conditions to be compared in
pairs and could be very useful for wastewater applications. In fact,
differential approach was already use for the identification of TPs
in water treatment by Negreira et al. (2015). The differential
approach, by comparing fingerprints, will highlight the
compounds that are impacted by RB.

This study represents a pioneering effort, representing the first-
time application of NTA to enhance our understanding of RB
processes and their environmental implications. The aim of the
study is to better understand NTA contribution for broadening
perspectives on the impact of reactive barrier treatment on the
quality of reclaimed water treated with nature-based materials in
regard to ECs and to evaluate the effectiveness of RB by considering
substances that are either reduced or released during treatment. For
this purpose, a non-target analysis using differential approach was
developed and applied to batch experiments of TWW in contact
with nature-based materials. The NTA was used to identify and
annotate compounds differentiated by the differential approach. The
identification of such compounds has allowed the evaluation of
reactive barrier effects. Target analysis of 28 pharmaceuticals was
done for confirmation purposes and evaluation of the applicability
of NTA for sorption estimation. Finally, the matrix effect
was estimated.
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2 Materials and methods

2.1 Chemicals and materials

Methanol (MeOH), acetonitrile (ACN), and water (HPLC grade)
were purchased from Sigma-Aldrich (St. Louis, MO, USA), as well as
the formic acid (>98% purity). Distilled water was obtained by a
Simplicity® Water Purification System associated with an LC-Pak®

Polisher and a Millipak® Express 20 filter (0.22 μm) from Merck
Millipore (Bedford, MA, USA). The list of analytical standards,
including the internal standards (IS) are listed in Supplementary
Table S1. Stock standard solutions of individual compounds were
prepared at a concentration of 1 mg/mL in methanol (MeOH) and
stored at −20°C. A mix of ISs at 1 ppm was prepared by mixing
appropriate aliquots of each standard stock solution in MeOH. TWW
samples were filtered through PTFE filters (wwPTFE 0.45 µm 47MM
Disc 50/K) purchased from Pall Corporation (Ann Arbor, MI, USA).
Reconstituted extracts were filtered through PTFE filters (Chromafil®

Xtra H-PTFE 0.2 µm 13mm) purchased from Macherey-Nagel
(Düren, Germany). SPE cartridges (Oasis HLB, 6 cc 500 mg) were
purchased from Waters (Milford, MA, USA).

2.2 Experimental design

Experiments were performed to investigate the evolution of TWW
quality in contact with a reactive barrier containing nature-based
materials (NBM). For simplification, the term reactive barrier (RB)
will be use in this article to refer to the mix of NBM.

A mix of NBM already selected for managed aquifer recharge
was performed to constitute our reactive barrier (RB) (50% sand,
30% compost, 15% woodchip and 5% clay). Sand is included in the
reactive barrier because of its beneficial hydraulic properties, which
ensure proper water flow and distribution throughout the barrier.
Vegetal compost has a high organic matter (OM) and plays a crucial
role in facilitating the biological degradation of ECs under aerobic
conditions. Woodchip derived from pruning residues of pine and
shrubs, is porous material that offers effective absorbance properties.
Clay is incorporated into the reactive barrier due to its negatively
charged surfaces, which enable it to effectively sorb cationic species.

The physicochemical properties of the NBM selected for the
experiments are shown in Supplementary Table S2. Those NBM
already demonstrated a significant sorption potential for emerging
contaminants (ECs) and more detailed about these NBM are
presented in Valhondo et al., 2023.

Treated wastewater (TWW) was collected from Murviel-lès-
Montpellier wastewater treatment plant (43°36′18.3″N 3°45′25.4″E),
located in France. The sampling was carried out in December
2021 using grab sampling method. The wastewater treatment
plant processes approximately 200 m3/d (73,000 m3/year) from a
population of 1500 inhabitants, using a lagoon system for the
treatment process (Kalboussi et al., 2022). The collected TWW
was characterized by a pH of 8.06 and a redox potential of
155 mV. Sampled was conducted with 1L glass bottles, brought
back to the laboratory in a cooler with ice packs, filtrated on 0.45 µm
PTFE filter and stored at 4 °C until the experiment. The batch
experiments were performed within 24 h after sampling.

The experimental set-up (Figure 1) involved five replicates of
two different experimental conditions: TWW in contact with RB
(condition 1) and TWW alone (condition 2). 40 mL of RB with
160 mL of TWW (Soil/Water (S/W) ratio of ¼) (condition 1) or
200 mL of TWW (condition 2) were added to 200 mL glass bottles
and agitated for 1 h at 60 rpm on a roller agitator. The pH and redox
potential of each replicate were measured both before and after the
experiment (Supplementary Table S3). In addition, five replicates of
ultra-pure water were put in contact with the reactive barrier during
1 h under stirring to check whether compounds are present and
release by RB (Blank+RB). At the end of the experiments, 130 mL of
water solutions (condition 1, condition 2 and, blank+RB) were
filtered on 0.45 µm PTFE filter. Subsequently, a mixture of
15 deuterated internal standards was added to each replicate at a
concentration of 100 ng/L (listed in Supplementary Table S1).

2.3 Sampling and analysis

Samples were extracted using Oasis HLB cartridges (500 mg),
previously conditioned with methanol (2 × 5 mL) followed by ultra-
pure water (2 × 5 mL), at a flow rate of approximately 1 mL/min.
The cartridges were then rinsed with 5 mL of ultra-pure water and

FIGURE 1
Experimental set-up with the two different conditions; condition 1: treated wastewater in contact with the reactive barrier condition; condition 2:
treated wastewater alone.
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dried under vacuum for 1 h. The analytes were eluted with 2 × 5 mL
of methanol and the resulting extracts were evaporated to dryness
under a gentle stream of nitrogen at 35°C. Afterward, the dried
residues were reconstituted with 400 µL of an ACN:ultra-pure water
(5:95, v/v) mixture containing 0.1% formic acid. Samples were
filtered through a 0.2 µm PTFE filter before LC-MS analysis.

Analysis was performed on a LC Vanquish™ quaternary pump
coupled to a Q-Orbitrap HRMS mass spectrometer (Thermo Fisher
Scientific) equipped with a heated electrospray ionization probe
(HESI) source for detection. Chromatographic separation was
performed on a reverse phase analytical column (Kinetex
Biphenyl 100Å 100 mm × 2.1 mm; 2.6 µm particle size) equipped
with a security guard UHPLC Biphenyl 2.1 mm ID (Phenomenex).
The injection volume was 10 µL and a binary gradient of ACN (A)
and water (B) at 0.3 mL/min was used. In positive mode, both the
mobile phases A and B contained 0.1% formic acid whereas no
acidification was applied in negative mode. The gradient followed
the following step: 5% B from 0 to 2 min, an increase from 5% to 50%
B between 2 and 11 min, 50% B at 11–12 min, an increase from 50%
to 100% B between 12 and 16 min, 100% A at 16–17 min, a decrease
from 100% to 5% B between 17 and 19 min, and 5% B at 19 min and
a stop time at 22 min. Over the 22 min run, full scan data acquisition
was performed in both positive and negative ionization modes at a
resolution of 70,000 full width at half maximum (FWHM). The
HESI parameters were configured with 55 arbitrary units (AU) of
sheath gas and 10 AU of auxiliary gas, along with a capillary
temperature of 300 °C and heater temperature of 250°C. The
electrospray voltage was set at + 3.5 kV and −3.5 kV in positive
and negative modes, respectively. The S-lens radio frequency (RF)
level was set at 50%. The ratio mass on charge (m/z) scan range was
set between 100 and 700. Moreover, MS2 was achieved using both
the confirmation (including an inclusion list) and the discovery
mode. A 17,500 FWHM resolution was used for MS2 acquisition.

Quality control involved systematic measures to ensure analytical
performances. The mass spectrometer (Q-Orbitrap HRMS, Thermo
Fisher Scientific) is calibrated weekly using Pierce™ LTQ Velos ESI
Positive Ion and Pierce™ Negative Ion calibration mixtures purchased
fromThermo Fisher Scientific. The injections were randomly performed
on the LC-HRMS. To ensure the column equilibration at the beginning
of the analytical sequence, a quality control sample consisting of a pool
(QC pool) of 10 µL collected from each sample extract was injected
multiple times. This QC sample was injected every four samples to
control andmonitor analytical repeatability and sensibility. To assess the
analytical performance, the relative standard deviation (RSD) was
calculated for each feature detected in the replicated QC injections. A
repeatability characterized by 70% of features with an RSD below 30%
(Want et al., 2013) was considered acceptable. As a result, only features
with an RSD below 30% were retained for further data processing and
annotation. Moreover, to take into consideration the background noise
coming from solvent and injection, a blank sample, consisting of ultra-
pure water, was injected multiple times.

2.4 Data treatment

Date treatment includes a pre-processing and post-processing
workflow followed by a prioritization workflow; it was conducted
with Compound Discoverer 3.0 Software (ThermoFisher Scientific).

2.4.1 Data pre- and post-processing
The entire set of samples was used in data pre-processing.

Features here are defined as three dimensional entities: retention
times (RT), m/z values, and intensities (Hollender et al., 2023). The
pre-processing workflow encompasses an extensive array of
processing tools aimed at streamlining the process from peak
picking to searching of databases (Supplementary Figure S1). The
peak peaking step was executed with a mass tolerance of 5 ppm, a
Signal/Noise (S/N) threshold of 6, and a minimum peak intensity of
100,000. Features grouping was also conducted at a mass tolerance
of 5 ppm and retention time tolerance of 0.2 min. Elemental
composition was done at a minimum element counts of
C90 H190 Br3 Cl6 F20 K2 N10 Na2 O18 P3 S5. The output of
this treatment generated a list of “merged features” also called
components. “Merged features” refer to collections of features
related to a unique chemical constituent (e.g. isotopes, adducts,
and in-source fragments) which should be compare with database
for compound identification. In this study, the term “features” will
be used indistinctly for features or merged features. More detailed
information about the Compound Discoverer settings used in this
study are presented in Supplementary Table S4.

In this study, two internal complementary databases (Mass List and
mzVault) were used. These internal databases contain a total of
140 organic compounds from diverse families. The selected
compounds include 87 pharmaceutical compounds, 30 pesticides,

FIGURE 2
Prioritization workflow for compound identification.
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19 transformation products (TPs), and 4 industrial chemicals. Each of
these micropollutants in our internal databases includes analytical
information such as retention time (RT), theoretical accurate mass,
and ionization mode. Furthermore, individual characterization of
isotopic pattern and MS2 spectra was conducted to ensure reliable
identification. For the screening of unknown contaminants, mass
selection was guided by intensity and the availability of MS2 data.
Compound identification were proposed from measured masses,
isotopic pattern, and alignment with MS2 data. The online databases
used in this work are mzCloud (www.mzcloud.org) and Mass Bank
(www.massbank.eu). Compound identification was made on TWW,
TWW+RB and Blank+RB samples.

Statistical analysis and differential analysis were performed as
post-processing nodes (Supplementary Figure S1) on the different
water samples (TWW+RB and TWW). Analysis of Variance
method (ANOVA) was used to compare statistically the two
experimental conditions (1: TWW+RB, 2: TWW). The results are
shown using Fold change to compare the ratio of feature intensities
between the two conditions and associated p-value.

2.4.2 Prioritization workflow for compound
identification

Afterward, a differential analysis processing workflow was
implemented to prioritize and identify the compounds, as depicted
in Figure 2. The workflow involves reducing the number of features,
which have a retention time between 1.15 and 20 min, based on several
criteria: no presence in blank sample, and coefficient of variation lower
than 30% inQCpool (quality control sample). Following this reduction,
the remaining features are further selected according to: a p-value equal
to or less than 0.01, indicating statistical significance between the two
conditions, a log2FoldChange equal to or greater than 2.00 or equal to
or less than −2.00, and Δmass (mass accuracy) between −5.00 ppm and
5.00 ppm. A log2Fold Change of 2.00 implies that the mean area in one
condition is four times higher than in the other condition. For
identifying and annotating compounds only features that meet the
following criteria are kept: MS2 data, and a match with internal or
online databases. Finally, additional data processing was performed,
consisting in a manual checking performed to exclude the information
that did not meet the analytical criteria (chromatogram and
MS2 spectrum quality). In this work, the level of confidence for the
identified compoundswas set according to Schymanski et al. (2014) and
Alygizakis et al. (2023), where level 1 represents confirmed compound
by analytical standards and our internal database information (RT and
MS2 data in our analytical conditions), level 2 corresponds to probable
compounds (verified with MS2 on-line database and a minimum of
three product ions), and level 3 represents tentative candidates (verified
with MS2 on-line database but only two or less fragmented ions were
present). Additionally, compounds are identified with a name, a
chemical formula, a polarity, a retention time, a mass on charge
ratio, a Δmass, a compound class, and main fragments are
associated. Compound classes have been searched on PubChem
database. For molecules for which no class could be identified, the
“other” compound class is assigned.

In parallel, the xcms package on R software was used to build a
Venn diagram. Venn diagram represents the relationships between
different sets of items, each circle representing a set, and the
overlapping regions representing the intersection between the
sets. In this study, a set corresponds to a condition.

2.4.3 Quantification of pharmaceuticals residues
A quantitative method was applied on a list of 28 pharmaceutical

residues in order to characterize the contribution of NTA to assess RB
treatment of micropollutants in TWW. The list of pharmaceuticals
and internal standard associated at each compound is presented in
Supplementary Table S1. Calibration solutions were used to calculate
the internal standard response factor between target analyte and its
corresponding internal labelled standard. The quantification process
was performed using the XCalibur software (ThermoFisher
Scientific). The retention times, m/z values, recoveries, and limits
of quantification of the 28 pharmaceuticals are presented in
Supplementary Table S5. To account for potential preparation
losses and matrix effect, 15 internal standards were used, resulting
in procedural recoveries within acceptable range of 80%–120% for
21 compounds. 4 compounds have intermediate recoveries between
60% and 140% and 3 compounds (diltiazem, crotamiton, and
climbazole) have lower recoveries (under 50%). Limits of detection
did not exceed 1 ng/L for 26 compounds (2 ng/L for the two
remaining). The mass labelled standards were also used for matrix
effects evaluation.

2.5 Sorption estimation by non-
target analysis

Sorption is a critical parameter for assessing the effectiveness of a
reactive barrier as tertiary treatment for the removal of emerging
contaminants. The calculated sorption percentage (CS) was
determined by comparing concentrations in the TWW + RB and
TWW experiments using Eq. 1:

CS %( ) � CTWW+RB
CTWW

× 100 (1)

where CTWW+RB and CTWW are the concentrations in TWW+RB
and TWW, respectively.

To investigate the applicability of NTA for sorption estimation,
peak area obtained through differential analysis were used. The
estimated sorption (ES) via differential analysis is presented in Eq. 2:

ES %( ) � ATWW+RB
ATWW

× 100 (2)

where ATWW+RB and ATWW are the peak area in TWW+RB and
TWW, respectively.

To compare the calculated sorption and the estimated sorption,
a Δ sorption percentage (ΔS) was calculated using Eq. 3:

ΔS %( ) � ES − CS
ES

× 100 (3)

where ES is the estimated sorption and CS is the calculated sorption.
To link calculated sorption and estimated sorption a correlation

between the two was drawn. In addition, matrix effect was calculated
using mass labelled standards with the Eq. 4:

Matrix ef f ect � ATWW+RB′

ATWW
′ (4)

where A’TWW+RB and A’TWW are the mean peak area of mass
labelled standards in TWW+RB and TWW, respectively.
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3 Results

Our focus delves into the results derived from NTA, which allowed
for the identification of various compounds present in the TWWand in
the TWW+RB and for the differential approach between them.
Subsequently, targeted analysis was employed to quantify the
sorption of specific molecules onto the reactive barrier. This
quantitative approach was then compared with sorption estimations
derived from NTA, providing a holistic understanding of the barrier’s
sorption capacity and offering insights into the reliability of NTA in
evaluating environmental processes.

3.1 Identification of micropollutants

The investigation of measurement data for NTA required time
consuming and systematic analysis of the dataset that can be reduce
by using software and tools. As the amount of data was very large
(20,331 features in positive mode and 11,572 features in negative mode),
appropriate prioritization was implemented. The results for the positive
mode (Figure 3) are detailed here, while the results for the negative mode
are presented in Supplementary Material since the path followed is the
same in both modes. In positive mode, the componentization step,
utilizing both retention time and peak shape of the features to combine
them in a single component, allowed a reduction from 20,331 features to
8,075merged features (Figure 3A). These featureswere further prioritized
to highlight the statistical differences between the two studied conditions,
leading to a notable reduction in the number of significant features to
3,978 features (a 51% reduction). The identification effort (step 6 and 7 of
the prioritizationworkflow, shown in Figure 2) and the verification of the
quality of the chromatograms and spectra resulted in identified and
annotated 85 compounds in positive mode.

The distribution of features between the two conditions is
illustrated in the Venn diagram (Figure 3B), which shows the

greater number of features provided by TWW+RB (15,784)
compared with TWW (9,474). Specifically, there are
4,927 features common to both conditions, with 4,547 features
unique to TWW and 10,857 unique to TWW+RB.

To unveil essential insights from prioritized features, we employed
Analysis of Variance (ANOVA), as presented in Figure 3C. The volcano
plot displays features in relation to Log2 Fold Change versus
-Log10 p-value, considering the average chromatographic peak area
in each condition. Red points signify features with a peak area in TWW
+ RB four times higher than in TWW, while green points indicate
features with an area in TWW + RB four times lower than in TWW.
Features within the red square exhibited a -Log10 p-value equal or
higher than 2 (p-value ≤0.01) and Log2 Fold Change equal or higher
than 2. Conversely, features within the green square meet the criteria of
a -Log10 p-value equal or higher than 2 (p-value ≤0.01) and a Log2 Fold
Change equal or lower than −2. This stringent selection identifies
3,257 features in the red square and 721 features in the green
square, providing a focused and robust understanding of the key
features influencing the observed variations.

Negative mode showed selection of 1,458 features in red square
and 325 features in green square conducting to the identification and
annotation of 30 compounds (Supplementary Figure S2). In
addition, suspect screening of our in-house databases (MassList
andmzVault) has enabled us to identify 18 compounds. The number
of features at each stage of prioritization workflow for both positive
and negative modes is summarized in the Supplementary Figure S3.
Among the total 110 compounds identified and annotated in both
positive and negative modes, a total of 49 compounds were
confidently identified at the level 1 according to Schymanski
et al. (2014) and Alygizakis et al. (2023). Additionally, 26 and
35 other compounds were tentatively identified at level 2 and 3,
respectively. Thus, 44 pharmaceuticals, 3 pesticides, 10 industrials
compounds, 25 natural products, and 20 transformation products
were annotated or identified (Supplementary Table S6).

FIGURE 3
Comprehensive analysis in positive mode: (A) Number of analytical signals (Venn Diagram), prioritized features (Vulcano plot) and annotated or
identified compounds from non-target data analysis - *level inspired from Schymanski et al., 2014; Alygizakis et al., 2023; (B) Venn diagram between TWW
and TWW+RB; (C) Volcano plot representing the results of the ANOVA build on features.
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3.2 Reactive barrier effects

Once the annotation was complete, we set about attributing
the compounds to each condition. 35 compounds were exclusive
of TWW, 46 compounds of TWW+RB and 29 compounds were
found in both conditions (columns TWW and TWW+RB in
Supplementary Table S6). In addition, the variation after contact
with the reactive barrier was determined in correlation with the
Log2 Fold Change. Thus, there are 49 compounds where the peak
area increased after contact with reactive barrier, 43 compounds
where the peak area decreases after contact with reactive and
18 compounds where the peak area has no significant variation
after contact with reactive barrier. The column Blank+RB of
Supplementary Table S6 presented the 57 compounds found in
Blank+RB samples. The 49 compounds with a peak area
increasing after contact with reactive barrier were also
detected in Blank+RB. The other 8 contaminants of Blank+RB
are present in the 3 conditions. Among compounds decreasing
significantly, 31 compounds are pharmaceuticals and 10 are
pharmaceutical metabolites (e.g. N-desmethylvenlafaxine,
O-desmethylvenlafaxine, NN-didesmethylvenlafaxine and NO-
didesmethylvenlafaxine). An additive, the lauryl sulfate, and a
fatty acid, the ricin oleic acid, also decreased. Compounds
decreasing were identified, in majority, at level 1.

Among compounds increasing significantly, 27 are natural
products and 3 are transformation products. Contrary to the
compounds where the peak decreases after contact with reactive
barrier, compounds with higher peak area after RB have been
annotated at level 2 or 3. To better understand which type of
natural products are released by the reactive barrier a separate
table (Supplementary Table S7) focusing on natural products
was built. Among them, some are very common in plant
structure such as matairesinol, which is one of the lignan
found in cereals, or maesopsin found in lots of flowering
plants and trees.

3.3 NTA applicability for sorption estimation

A total of 22 up on 28 searched pharmaceuticals were detected by
target analysis in the TWW at concentrations ranging from less than
10 ng/L to more than 1 μg/L. Among them, 4 compounds
(acetaminophen, caffeine, metoprolol, primidone) have been
also detected in Blank+RB (ultra-pure water in contact with TWW)
at concentration indicating RB materials provided those
pharmaceuticals (Supplementary Figure S4). After contact of treated
wastewater with the reactive barrier, 16 compounds concentrations
have decreased and 2 have weakly increased (Figure 4). Those results
were first used to quantify sorption and then to evaluate the relevance of
estimating sorption through NTA. In TWW, irbesartan, lamotrigine
and diclofenac showed the highest concentrations (>1 μg/L), whereas
mefenamic acid, climbazole, cocaine, prednisolone, sulfamethizole, and
valsartan were not detected. The concentrations in TWW+ RB also
cover a range from lower than limit of detection tomore than 1 μg/L for
irbesartan. Amisulpride, diazepam, diltiazem, ketoprofen, and
trimethoprim are under the limit of detection.

Applying Equation 1 and assuming that the differences in
concentrations measured for the 18 molecules in TWW and
TWW+RB are exclusively attributed to sorption, we were able to
calculate the percentage of sorption for these 18 molecules in the RB.
Among the 18 molecules, it is worth noting that 61% of these
molecules are sorbed at more than 50% and 39% at more than 80%
(Supplementary Figure S5).

The comparison between sorption, calculated using quantitative
method (Eq. 1), and estimated sorption, calculated based on peak
areas provided by the NTA workflow (Eq. 2), is essential for
addressing this issue and confirming the feasibility of estimation
through non-target analysis. The estimated sorption is compared
to the calculated sorption (Supplementary Table S6; Figure 5) for the
18 quantified compounds (Figure 4) that were also detected using
NTA (Supplementary Table S6). Supplementary Table S6 presents the
calculated sorption, estimated sorption and the Δ Sorption (%) for

FIGURE 4
Concentrations in ng/L of 18 targeted compounds found in treated wastewater (in blue) and in treated wastewater after contact with reactive barrier
(in orange).
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each compound, calculated respectively by Eqs 1,2, 3. In the Δ
sorption column, positive values indicate an overestimation, while
negative values suggest an underestimation.

The correlation between estimated sorption and calculated
sorption (indicated in blue line in Figure 5) is 59% as determined

by a linear regression. Despite a satisfactory correlation (r2 = 0.90),
increased vigilance regarding the matrix effect is deemed necessary.
Notably, a 34% variation in the estimation of sorption through non-
target analysis was observed. Estimating sorption becomes also more
challenging for compounds with small variations of concentrations

TABLE 1 Comparison of calculated and estimated sorption for the 18 quantified compounds, highlighting those with >75% calculated sorption (*) and the
particular case of ketoprofen (**).

Compound Calculated sorption (%) Estimated sorption (%) Δ Sorption (%)

Ketoprofen** 100 ± 0 26 ± 7 −286

Amisulpride * 100 ± 0 97 ± 21 −3

Bezafibrate −2 ± 0 43 ± 7 105

Carbamazepine 72 ± 3 62 ± 9 −16

Cetirizine * 87 ± 6 87 ± 14 0

Crotamiton 11 ± 1 46 ± 7 76

Diazepam * 96 ± 1 93 ± 19 −3

Diclofenac 48 ± 2 67 ± 12 28

Diltiazem * 100 ± 0 98 ± 18 −3

Fenofibric acid 11 ± 1 51 ± 10 78

Fluconazole −28 ± 4 9 ± 2 411

Irbesartan 33 ± 1 57 ± 9 43

Lamotrigine 70 ± 1 82 ± 16 14

Sotalol 65 ± 3 56 ± 9 −16

Sulfamethoxazole 9 ± 0 27 ± 4 67

Tramadol * 77 ± 3 77 ± 22 −1

Trimethoprim * 100 ± 0 93 ± 19 −7

Venlafaxine * 97 ± 12 92 ± 15 −5

FIGURE 5
Percentage of sorption estimated by non-target analysis in function of percentage of sorption calculated for target analysis; in blue: linear regression
accounting all the compounds, in orange: linear regression accounting compounds with S>60%.
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between the two conditions. When considering compounds with
calculated sorption greater than 75% (indicated with “*” in
Supplementary Table S6), the correlation between calculated and
estimated sorption (indicated in green line in Figure 5) is very good
(81%). With improved correlation (r2 = 0.95), all the compounds
with calculated sorption greater than 75% have an optimized
estimated sorption (Δ sorption less than 10%).

However, ketoprofen, despite having high calculated sorption, is
poorly estimated with non-target analysis. This discrepancy may
stem from its quantification close to the limit of detection,
emphasizing the need for a sufficient Signal-to-Noise (S/N) value
in the pre-processing workflow of NTA.

The matrix effect is calculated on 15 internal standards spiked into
each sample. The difference between TWWand TWW+RB is shown in
Supplementary Figure S6, where a twofold increase in TWW+RB
compared to TWW was observed in 5 out of the 15 internal
standards. Conversely, telmisartan d3 have a threefold reduction. It
highlights the importance of exercising caution when selecting
compounds in NTA for the estimation of sorption. In this study,
opting for a log2 FoldChange of 2 was selected to prevent false
observations due to the matrix effect between the two sets of
samples. The matrix effect in both TWW and TWW+RB compared
to ultra-pure water is further displayed in Supplementary Figure S7.

4 Discussion

The results showed the importance to use NTA with differential
approach to assess RB application on TWW. The discussion of this
study will focus on the challenges associated with compound
identification, on the precautions to be taken due to matrix effect
and on the role of NTA in assessing RB application on TWW.

4.1 Compound identification challenges

NTA approach has a great potential for understanding the role of
RB in improving the quality of TWW effluent. However, there are
several challenges in compound identification that need to be addressed.
Determining the efficacy of a reactive barrier poses a complex and
challenging analytical undertaking, as the barrier components interact
with contaminants in diverse ways. Precautions should be implemented
early in the sample preparation process, a critical step as emphasized by
Hajeb et al. (2022) review. Once the sample preparation defined, the
optimization of parameters of the NTAworkflow data processing is one
of the key points to reduce the rate of false positives and negatives
(Chaker et al., 2021). Peak detection and blank subtraction are key steps
in data processing to avoid false positives and negatives. Limits of the
identification are link with false positives and false negatives rates. False
negatives (type II errors) are the compounds that are present in the
sample but have not been detected by the analytical process. False
negatives may occur because of really small concentrations and
complexity of the matrix. Due to a decrease in potentially relevant
data, false negatives can result in misinterpretation of the role of RB.
However, the quantity of data available is sufficient for prospecting in
our study and we hypothesize that false negatives represent a minimal
hazard for compound identification and data interpretation. On the
contrary, false positives (type I errors) are a real pitfall to be avoided.

They represent compounds that are not present in the sample, but have
been tentatively annotated. Properly selected settings reduce the
amount of noise signals, even if they cannot be completely avoided
in large datasets (Nürenberg et al., 2015). To minimize false positive
rate, different strategies are used in literature. As suggested byHollender
et al. (2023) and reference in, this study ensured a sufficient number of
matching fragments. An increased number of replicates also reduce
both false positive and negative rates (Bader et al., 2016). The
determination of true positives has been made in agreement with
Dietrich et al. (2022): only one peak with signal intensity clearly
distinguished from background noise and peak maximum inside the
peak width window. According to this work, our selection of a
chromatographic S/N threshold of 6 results in limiting our false
positive rate under 10%. Optimizing this specific parameter involves
a delicate balance between minimizing false positives (background
noise) and achieving additional reduction, which may risk
eliminating crucial data.

The quality of the differential approach, comparing our two
conditions (TWW and TWW+RB), also relies on the use of blanks
and quality controls. As mentioned by Hollender et al. (2023) and
references in, we know that blanks are used to eliminate background
and contamination features. In this study, we use two types of quality
control. The first one, commonly used in targeted applications, rely to
the use of internal standards. In their guideline for the non-target
screening in water analysis Schulz et al. (2019) remind that the use of
internal standards permits to compensate potential losses in sample
preparation or correct matrix effect. Our investigation of 15 internal
standards with retention times between 1.45 and 15.2 min allow us to
have a global physico-chemical properties representation of compounds
that may occur in our samples. Second type of quality control are QC
pool. This is a pool of all samples of the analytical sequence. Widely
applied inmetabolomics, this method permits to select the features with
reliable analytical stability (CV<30% in sample group QC pool) (Gika
et al., 2012) along the analytical sequence. Some research focusses on
utilizing native standards to complement existing internal databases and
confirm identifications throughmatching retention time and ionization
fragments to ensure confidence in identification propositions (Sobus
et al., 2018). While this method allows for complete confidence in
identification, the task of grouping all existing native standards in a
single internal database remains elusive.

The reproducibility in non-target approach remains also a challenge.
Within-lab reproducibility can be achieved thanks to the use of protocols
that consistently employ the same equipment and involve the same
operator (Samanipour et al., 2019). However, the inter-laboratory
reproducibility, defined as the ability to independently identify and
quantify the same compound in a similar sample (Hites and Jobst, 2018),
need further developments. Compared to target analysis that use internal
standards and reproducible protocols, NTA is machine, operator, and
even day dependent. The choices made for the data treatment in NTA
lead also to differences between laboratories. Characterizing the strengths
and weaknesses of chosen algorithm permits to ensure traceability and
reliability of results as reviewed by Renner and Reuschenbach (2023).
The efforts made to characterize contaminants (Norman network for
example) are a great help, thanks to comparisons between different
HRMS techniques (Hollender et al., 2023), but effortsmust be continued,
especially for natural components if focusing in RBs. Finally, compound
identification faces huge number of features afterNTAworkflow coming
from the complexity of thematrix made by TWWafter contact with RB.
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4.2 Matrix effect challenges

Matrix effect impact the sensitivity, reproducibility, linearity and
accuracy of the method. It can cause signal reductions at high
concentrations of compounds of interest and signal enhancements at
low compound concentrations (Paszkiewicz et al., 2022). When
applying differential approach with two completely different
matrices, there is a risk of having issue with matrix effect. Matrix
effect can therefore impact our assessment of sorption through non-
target analysis which must be conducted with caution. The two
experimental conditions (TWW vs. TWW+RB) are characterized by
different matrices, which implies matrix effect and difference in
ionization. Differences in ionization will have a direct impact on the
peak area on so, on estimated sorption. In target analysis, this matrix
effect is corrected by internal standards which permit to ensure
correction in concentration calculations and so, in calculated
sorption. However, in NTA combined with differential approach,
there is a need to find out methods to manage matrix effect.
Among the various methods that attempt to avoid or reduce the
impact of matrix effect there is the use of a mixture of internal
standards to evaluate matrix effect (Verkh et al., 2018). Nürenberg
et al. (2015) highlights that a better compensation ofmatrix effect can be
reach with high dilution degree but this leads also to the reduction of
overall intensities. As with false negative and positive rates, correcting
the matrix effect using dilution is a balancing act between reducing the
matrix effect and losing crucial data.

As the TWW+RB matrix is different than TWW matrix, the
ionization differs, resulting in variations in the calculation of feature
areas. In our study, all compounds exhibiting a calculated sorption
greater than 75% showed an optimized estimated sorption (with a Δ
sorption less than 10%). This highlights the relevance of choosing a
Log2 Fold Change equal or higher than 2 in the differential analysis,
representing a difference of 75% in peak area. Focusing on a 75% of
change between the two conditions permits to reduce dramatically the
risk of false interpretation. This is consistent with Schollée et al. (2021)
that have done an automated trend assignment with three intensity
domains and took a change of 80% between two conditions to conclude.
In environmental studies, the availability of the NTA offers many
advantages, but developments to overcome matrix effects must
continue to enable comparisons between different matrices such as
the two conditions of our study.

4.3 NTA contribution for broadening
perspectives on the impact of reactive
barrier treatment

Building upon the extensive list of compounds identified or
annotated in our study, the effectiveness of the reactive barrier in
removing organic contaminants from treated wastewater becomes
even more evident. The comprehensive NTA conducted in our
research reveals the removal of diverse contaminants, encompassing
various chemical families. This finding agrees with the results
reported form a field study carried out by Valhondo et al.
(2020b), who demonstrated the removal efficiencies for organic
UV filters, paraben preservatives and pharmaceuticals.
Compounds, like carbamazepine and trimethoprim, have similar
comportment in terms of sorption as other type of treatment such as

bark-biochar constructed wetland (Lei et al., 2023) or macro-algae
(Li et al., 2019). The differences in sorption between molecules has
already been associated with the physical-chemical properties and
composition of the barrier (Beckchanov et al., 2024). Hydrophobic
particles present in the barrier sorbed more organic compounds
(Zhang et al., 2022). It appears that the surface area, the organic
carbon (OC) and the cation exchange capacity (CEC) are the main
parameters influencing sorption (Manthiram Karthik and
Philip, 2021).

Our results also reveal numerous chemical compounds which
were not initially present in the effluent. In the context of managing
artificial recharge through reactive barrier, these compounds could
potentially reach groundwater. In our experimental study, primarily
natural products released from vegetable compost or woodchips
have been annotated. Natural-based materials release certain
contaminants, as shown by compounds determined under
TWW+RB and Blank+RB conditions, highlighting there is a need
of vigilance about the contribution of the barrier. The
biodegradation processes of organic compounds are well-
documented in soils (McGuinness and Dowling, 2009). The
composition of reactive barriers, such as compost, woodchips,
and other natural compounds, contributes to the enhancement of
these processes (Kästner and Miltner, 2016).

The two main processes involved when TWW is in contact
with RB are sorption and biodegradation (Valhondo et al., 2023).
Considering our experimental conditions (time and agitation),
sorption is expected to be the predominant process. Therefore, in
this study, we will solely focus on the sorption process. Longer-
term experiments, allowing biofilm development that could
produce TPs shoud be further studied. Increasing compounds
can be either TPs of compounds from treated wastewater
(Tisler et al., 2022) or natural compounds release from the
barrier and mainly by compost and woodchips (Verkh et al.,
2018). The apparition of TPs is unlikely to occur as the contact
time between the barrier and TWW is very short, and there is no
biodegradation in such few time (Maeng et al., 2011). However,
1 hour of contact between TWW and RB permits to reach
maximum sorption capacity (Gil et al., 2019).

In order to identify natural products, a number of Chemspider
databases have been selected but other interesting online databases
are available such as Natural Product Atlas (van Santen et al., 2019).
For example, some natural products identified in this study have
been found in a mixed medicinal plant extract (Seetaha et al., 2022).
Like for transformation products, a prediction of natural product
could be done (Harn et al., 2017).

NTA emerges as a powerful tool in expanding our understanding of
the impact of reactive barriers treatment on TWW. Traditionally,
studies have focused on targeted analyses, demonstrated the sorption
capabilities of reactive barriers for pharmaceuticals or other emerging
contaminants (Valhondo et al., 2020b; Lei et al., 2023; Valhondo et al.,
2023). These investigations have showed the effectiveness of RB in
renaturalizing treated wastewater, emphasizing their role in mitigating
the impact of specific contaminants (Schaffer et al., 2015). In contrast,
NTA introduces a paradigm shift by offering a comprehensive view of
the composition of TWW after contact with a RB, uncovering a diverse
spectrum of compounds that may impact water quality.

As commonly known, NTA reveals that numerous compounds
are present in the TWW influent. Our results, obtained through a
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differential analysis, highlight that 1,046 compounds detected in
TWW have experienced statistically and significantly decreased
concentrations (>75% variation) after contact with RB. However,
the application of NTA has been instrumental in bringing increasing
compounds to light and initiating identification efforts. This aspect
of our investigation is crucial as it highlights a previously
underexplored spectrum of compounds that warrant in-depth
investigation to assess their potential risks.

Differential analysis allows for a nuanced understanding of
sorption dynamics, providing valuable insights into the efficiency
of the reactive barrier in removing contaminants. Identifying the
products provided by the RB would enable us to study whether or not
they are of interest to the process (contribution of organic matter,
support for bacterial development).We recommend applying NTA in
more realistic conditions such as column experiments or field project
to gain an overview of these new compounds that may arise from
biotransformation processes or be released from RB.

4.4 Summary

Here we report the first study to investigate the contributions and
limitations of NTA combined to differential approach to determine its
relevance in the case of RB processes concerning sorption and release
of chemical compounds and their environmental implications.
However, it is worth noting that microorganisms and pathogens
are commonly found in TWW. Minimum requirements for water
reuse (European Parliament and of the council, 2020), especially for
agricultural irrigation, regarding microbiological indicators should be
met. In particular cases, disinfection of TWW before reactive barrier
treatment may be required.

The study permits to identified or tentatively annotated
110 compounds. The implementation of a reactive barrier has a
significant impact on the composition of treated wastewater
resulting in the reduction of numerous signals. In particular, the
study revealed a reduction for pharmaceuticals and pharmaceutical
metabolites, consistent with findings from previous studies utilizing
target analysis. Furthermore, a noteworthy observation is that 61% of
the compounds exhibit sorption levels exceeding 50%. The use of NTA
allows to highlight that a huge number of features was brought by RB
and predominantly consist of natural products. While accounting the
various challenges of identification, this study emphasizes the possibility
offered by NTA for estimating the sorption of TWW compounds on
RB, proposing a way of dealing with matrix effect.

NTA provides a broad and complete view of the performances of
nature-based reactive barrier treatment, giving information on the
compounds released by the barrier in addition to its sorption
capacity. NTA highlights the benefits of using a mix of nature-
based materials to conduct RB treatment but also the necessity to
study compounds reloaded by these materials. NTA is a powerful
tool to increase the understanding of nature-based reactive barrier
benefits for improving the quality of treated wastewater and for
evaluating the risks associated to reutilization of TWW. The NTA
approach holds promises that merits further exploration. To enrich
the quality of information obtained in this study it would be
interesting to pursue investigations using a real reactive barrier
made with the studied materials in column experiments. Such

studies could explore other parameters such as flow, duration,
redox conditions, microbiological activity and in real-life situations.
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