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Chemical and materials 
Standard stock solutions of each compound: amphetamine (AMP), methamphetamine (METH), MDMA, cocaine (COC), benzoylecgonine (BE), ketamine (KET), phentermine (PHT), fentanyl (FEN), and norfentanyl (NOR) were prepared at 100 mg L−1 in MeOH or ACN. Intermediate solutions (20 mg L−1 and 0,5 mg L−1) were prepared by diluting the stock solution with MeOH. Mixed working solutions containing all analytes were prepared by diluting intermediate solutions with Milli-Q water. These mixtures were then used to prepare calibration standards, internal quality controls, and to spike samples during the validation study.
[bookmark: _Hlk209531191]Individual stock solutions of isotopically labelled internal standards (ILIS) of amphetamine-d6, methamphetamine-d5, MDMA-d5, cocaine-d3, benzoylecgonine-d3, phentermine-d5, fentanyl-d5, norfentanyl-d5, and ketamine-d4 were prepared in MeOH or ACN at a concentration of 200 and 20 mg L−1. Standard working solutions mixed at 10 and 20 μg L−1 were used as a surrogate internal standard. All standard solutions were stored at −20 °C. SPE cartridges used were Chromabond HLB (6 mL, 200 mg) from Macherey-Nagel (Düren, Germany).

Sample collection
All wastewater (WW) samples were collected in high-density polyethylene bottles and transported directly to the laboratory, where they were fractionated, acidified to pH 2, and immediately stored in the dark at -20 °C until analysis. 
The ammonium ion (NH4+) was measured in the separate fraction of each sample and converted to ammonia nitrogen (NH₃–N) for population normalization, considering a 1:2 dilution, using the specific HI93733-01 kit purchased from Hanna Instruments for ranges between 0 and 50 mg·L-1. The measures were taken in a Hanna spectrophotometer, model HI83214. The instrument directly displays the concentration of NH4+ in mg L-1. To convert the reading to mg L-1 of ammonia nitrogen (NH3-N), it was multiplied by the factor 0.778 (Hanna Instrument, 1999). Based on the NH3-N values, equivalent population (EP) estimates (Table 1SM, Supplementary Material) were calculated independently for each sampling day using Equation S1 in order to capture short-term fluctuations in the contributing population.
Equation S1

Where, CNH3-N refers to the concentration of NH3-N expressed in g·L-1, Q corresponds to the daily flow rates (L·day−1), and  is the average daily NH3-N load per inhabitant (g day-1 inhabitants-1). Table S2 in Supplementary Material presents estimated average daily NH3-N load values per inhabitant for several cities worldwide.
As no Chile-specific per-capita NH₃–N load values are currently available, a reference value of 8 g· day⁻¹·· inh⁻¹ was adopted. This value lies within the range commonly reported for wastewater treatment plants (WWTP) receiving mixed domestic and industrial WW (5–12 g· day⁻¹ · inh⁻¹) and has been widely applied in WBE studies for population normalization (Been et al., 2014; Metcalf & Eddy, 2013; Si-Yu Liu et al., 2021). Although the use of an externally derived per-capita load introduces uncertainty in the absolute EP estimates, this approach allows for consistent normalization across sampling days and supports the interpretation of short-term temporal variability in population size.
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	Sampling date
	2024
	2025

	
	Mon
	Tues
	Wed
	Thur
	Mon
	Tues
	Wed
	Average ± SD
	Tues
	Wed
	Thur
	Fri
	Sat
	Sun
	Mon
	Average ± SD

	
	29-04-2024
	30-04-2024
	01-05-2024
	02-05-2024
	08-07-2024
	09-07-2024
	10-07-2024
	
	13-05-2025
	14-05-2025
	15-05-2025
	16-05-2025
	17-05-2025
	18-05-2025
	19-05-2025
	

	NH3-N 
(g L-1)
	0.037
	0.042
	0.033
	0.045
	0.041
	0.042
	0.042
	0.040 ± 0.004
	0.042
	0.044
	0.043
	0.034
	0.033
	0.023
	0.037
	0.036 ± 0.007

	Flow rate 
(m3 day-1)
	3797
	3363
	3309
	3729
	3576
	3373
	3671
	3545 ± 197
	4231
	3719
	3969
	3637
	2984
	4058
	4251
	3836 ± 443

	EP
	17615
	17512
	13596
	21017
	18127
	17550
	19226
	17806 ± 2249
	22162
	20252
	21102
	15350
	12303
	11774
	19487
	17490 ± 3976


Table S1. Measured NH₃–N concentrations, daily influent flow rates, and estimated equivalent population.
EP: equivalent population












Table S2. Per-capita NH₃–N loads (g·day⁻¹·inhabitants⁻¹) reported for different wastewater catchments worldwide and used to define the sensitivity range applied in this study.


	Country
	City
	Industry contributions
	NH3-N
(g·day-1· inh-1)
	References

	Switzerland
	Several cities
	High
	8.1
	(Been et al., 2014)
	Switzerland
	Lausanne
	Low
	6.9
	(Been et al., 2014)
	China
	Several cities
	n.s
	5-11
	(Si-Yu Liu et al., 2021)
	Greece
	n.s
	n.s
	8-10
	(Metcalf & Eddy, 2013)
	United States
	n.s
	n.s
	5-12
	(Metcalf & Eddy, 2013)












n.s: not specified by the authors.

Analytical procedure 
For both procedures, WW samples were adjusted to pH 7 and centrifuged for 10 minutes at 9500 rpm. For the direct injection procedure, 250 µL of supernatant was taken, and 100 µL of ILIS solution (10 μg L−1) was added, making up to 1mL, resulting in four-fold diluted samples.
For the SPE procedure, a 25-mL aliquot was taken for the supernatant, then 50 µL of ILIS solution (20 μg L−1) was added, and the solution was made up to 100 mL, resulting in four-fold diluted samples. The SPE was carried out using Chromabond HLB (6 mL, 200 mg) cartridges from Macherey-Nagel (Düren, Germany). The cartridges were conditioned by washing and rinsing with 6 mL of MeOH and 6 mL of Milli-Q water (3 mL for 2 times). After conditioning, the samples were passed through the cartridges under gravity and then dried under vacuum for 30 min. The analytes were eluted by gravity using 8 mL of MeOH (4 mL twice), and the extract was evaporated to dryness at 35 °C under a gentle stream of nitrogen. Finally, the residue was redissolved in 1 mL Milli-Q water:MeOH (90:10, v/v), sonicated in an ultrasonic bath for 5 minutes, and transferred to a glass vial for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. The procedural and field blanks, consisting of 100 mL of Milli-Q water and Milli-Q water stored under the same conditions as the actual samples, respectively, were processed together with the WW samples to verify that there was no contamination.

Instrumentation
LC-MS/MS using an Ekspert ultraLC 100- XL HPLC system, coupled to a triple quadruple mass spectrometer TripleQuad 4500 AB SCIEX (Ontario, Canada) fitted with a Turbo Ion Spray source. Chromatographic separation was conducted in an Inertsil ODS-4 HP (100 x 2.1 mm, 3 μm) from GL Sciences (Tokyo, Japan) with a mobile phase composed of (A) 0.1% formic acid in Milli-Q water and (B) methanol. The elution gradient for analysis was as follows: 0 min (5% B), 8 min (90% B), 8.1 min (5% B), and 10 min (5% B). The flow rate was 0.4 mL min–1 and the injection volume was 10 μL. The MS analysis was done in positive mode under the following conditions: ion spray voltage (ISV), +5500 V; curtain gas (CUR), 30; collision gas (CAD), 9; source temperature, 400°C; ion source gas 1 (GS1), 70, and gas 2 (GS2), 50. Dwell times of 0.015 s/transition were selected. Data were acquired and processed using Analyst® 1.6.2 and MultiQuantTM 3.0 software.  The three most abundant fragments of the protonated pseudomolecular ions of each analyte were selected. The MS/MS parameters and RT for all compounds are provided in Table S3, Supplementary Material. Identification and confirmation of positives were performed considering the ion ratio (q/Q ratio) and RT. The ratio between the qualitative and quantitative transitions (q/Q ratio) between samples and analytical standards should be lower than 30%, and RT error less than ± 0.2 min (SANTE, 2021). The quantification of the analytes was performed using their respective ILIS analogues, which are also reported in Table S3. 

Table S3. MS/MS parameters: precursor and product ions, collision energy (CE), cell exit potential (CXP), declustering potential (DP) and retention time (RT).
	Analyte
	ILIS
	Retention time (min)
	Precursor (m/z)
	Product (m/z)
	CE
	CXP
	DP

	Amphetamine

	Amphetamine-d6

	3.67
	136

	119
	11
	20
	11


	
	
	
	
	91*
	30
	9
	

	
	
	
	
	65
	53
	11
	

	Benzoylecgonine

	Benzoylecgonine-d3

	4.67
	290

	168.2*
	25
	16
	66


	
	
	
	
	105
	38
	14
	

	
	
	
	
	82
	45
	17
	

	Cocaine

	Cocaine-d3

	4.90
	304

	182.2*
	25
	24
	26


	
	
	
	
	82
	41
	4
	

	
	
	
	
	77
	86
	12
	

	Ketamine

	Ketamine-d4

	4.53
	238

	125*
	42
	11
	43


	
	
	
	
	179.1
	22
	11
	

	
	
	
	
	207
	20
	10
	

	Methamphetamine

	Methamphetamine-d5
	3.80
	150

	91*
	28
	13
	31


	
	
	
	
	119
	15
	17
	

	
	
	
	
	65
	52
	14
	

	MDMA

	MDMA-d5

	3.96
	194

	136.2*
	18
	19
	42


	
	
	
	
	105.1
	34
	13
	

	
	
	
	
	77
	56
	19
	

	Phentermine

	Phentermine-d5

	3.80
	150

	91.1*
	28
	13
	31


	
	
	
	
	65.1
	52
	14
	

	
	
	
	
	119.1
	15
	17
	

	Fentanyl

	Fentanyl-d5

	5.61
	336.7

	188*
	30
	17
	93


	
	
	
	
	155
	55
	16
	

	
	
	
	
	216
	31
	12
	

	Norfentanyl

	Norfentanyl-d5

	4.59
	233.2

	150*
	28
	16
	10


	
	
	
	
	84
	25
	13
	

	
	
	
	
	177
	22
	18
	

	Amphetamine-d6
	
	3.63
	142.2
	93
	22
	6
	41

	Benzoylecgonine-d3
	
	4.60
	293.1
	171.1
	29
	15
	35

	Cocaine-d3
	
	4.90
	307.1
	185.2
	25
	11
	33

	Ketamine-d4
	
	4.49
	242.2
	129
	33
	8
	12

	Methamphetamine-d5
	
	3.78
	155
	121
	15
	17
	33

	MDMA-d5
	
	3.93
	199
	165
	19
	11
	41

	Phentermine-d5
	
	4.31
	155.1
	96
	28
	10
	37

	Fentanyl-d5
	
	5.59
	342.2
	188.1
	31
	11
	33

	Norfentanyl-d5
	
	4.55
	238
	84
	25
	12
	80



Method validation and quality assurance
Linearity was evaluated by analyzing both standard solutions in solvent (Milli-Q water:MeOH, 90:10) and matrix (untreated WW) at twelve concentration levels ranging from 0.005 to 15 μg L−1 to determine whether there were differences in the slope (>20%) that could affect quantification. Linearity was considered acceptable by applying a linear regression model with a 1/x weighting factor, and the coefficient of correlation (r) was ≥ 0.99.  For each analytical batch, a complete calibration curve was injected at the beginning and end to verify linearity (correlation coefficients).
The precision and accuracy of the method were evaluated using recoveries and repeatability by analyzing extracted untreated WW samples in quintuplicate (n=5) at three concentration levels, 0.5, 2, and 10 µg L-1. In the direct injection method, precision was calculated as the relative standard deviation (RSD) of the repeated injections. A tolerance interval of 70–120% was applied to define acceptable recoveries, under the condition that the method demonstrated satisfactory precision, expressed as a repeatability RSD < 20%. In addition, quality control (QC) samples were processed and analyzed at two levels, 0.5 and 2 µg L-1, for each different sample injected, to ensure the reliability of the analytical procedure. Results were considered acceptable when the QCs samples showed apparent recoveries within the 60–140% range. Furthermore, blanks were injected after every six sample injections to detect potential contamination and apply any necessary corrections.
The limits of detection (LOD) and limits of quantification (LOQ) for the whole method were determined using the quantification transition from extracted or non-extracted WW samples when the “natural” concentrations were sufficiently high to be measured directly. In cases where the samples exhibited low concentrations, the LOD and LOQ were obtained by spiking WW with low levels of psychoactive substances, followed by the corresponding extraction. The LOD was defined as the concentration yielding a signal-to-noise ratio of 3, and the LOQ as the concentration yielding a signal-to-noise ratio of 10.
Matrix effects were evaluated by comparing the peak areas (uncorrected by internal standard) obtained for extracted WW samples post spiked at three concentration levels, 0.5, 2, and 10 µg L⁻¹ (same levels as in the accuracy and precision study) after subtracting the blank (n=3), with those from solvent (Milli-Q water:MeOH, 90:10) fortified at the same levels. According to (Cortese et al., 2020; Matuszewski et al., 2003) a matrix effect of 100% reflects the absence of signal alteration (no matrix effect), whereas values above 100% indicate signal enhancement, and values below 100% correspond to signal suppression due to the matrix. 

Back-calculation of normalized mass loads and consumption of licit and illicit psychoactive substances
Equation S2

Where C correspond to measured concentrations in (ng L−1), Q correspond to the daily WW flow rates (L·day−1), P represents the equivalent population (EP) estimated from NH₃–N according to Equation S1 and Cf is the specific correction factor used to convert the normalized mass loads found in influent into the amounts of drugs daily consumed for each psychoactive substance. Table S4 in Supplementary Material lists the urinary excretion rates and the referenced Cf used from literature or calculated using Equation S3.
Equation S3 

where Excretion is the fractional urinary excretion of the parent drug or its metabolite, and MWparent and MWbiomarker are the molar masses of the parent drug and the target biomarker, respectively. 
Equation S4

This conversion was performed by dividing the mass load by the usual therapeutic daily dose D reported in Table S4, which is the most prescribed regimen for PHT both in Chile and internationally. 

This approach provides a population normalized metric that enables comparison with clinical consumption patterns.
Equation S5

The proportion of the population potentially treated with PHT was estimated using Equation S5. This metric expresses the fraction of the population whose consumption is compatible with one therapeutic daily dose and was calculated by dividing the equivalent doses (ED) per 1000 inhabitants. The resulting percentage reflects the treated population equivalent inferred from WW and allows for an indirect comparison with epidemiological indicators such as the national prevalence of overweight and obesity.

Pharmacokinetic considerations and correction factor assumptions
Cf applied in this study were selected based on published urinary excretion data and commonly adopted practices in WBE. A summary of biomarkers, excretion fractions, Cf and dose assumptions is provided in Table S4.
In the case of COC, urinary excretion of BE substantially exceeds that of the parent compound and shows greater stability in wastewater matrices. Reported excretion fractions vary widely depending on the route of administration; therefore, a mean value reported in the literature was adopted to derive the Cf used in this study(Castiglioni et al., 2013).
For ATS, reported urinary excretion data indicates that the parent compounds represent the dominant fraction excreted, supporting their use as biomarkers for back-calculation (Gracia-Lor et al., 2016; van Nuijs et al., 2011). Cf applied for these substances were taken from established WBE studies and are summarized in Table S4.
PHT excretion is strongly influenced by urinary pH. While higher unchanged excretion fractions have been reported under experimentally acidified conditions, studies conducted under uncontrolled urinary pH indicate substantially lower unchanged fractions (Baselt, 1989). To avoid overestimation of population-level consumption, a conservative excretion fraction representative of uncontrolled conditions was adopted. Based on this assumption, mass loads were further converted into therapeutic-equivalent doses to estimate the potentially treated fraction of the population.
For KET, available pharmacokinetic data and wastewater observations remain inconsistent with respect to the relative abundance of the parent compound and its metabolites. In addition, potential deconjugation processes and direct disposal may contribute to elevated WW concentrations (Castiglioni et al., 2015; Du et al., 2020; Lai et al., 2013; Van Wichelen et al., 2025). For these reasons, KET mass loads are frequently reported without correction in WBE studies and are presented as measured in this work.
Table S4. Biomarkers used, excretion rates, Cf and average doses used for back-calculation of consumption of psychoactive substances.
	Compound
	Biomarker
	Excretion rate (%)
	Cf
	Typical dose (mg)

	PHT
	PHT
	48a
	2.08
	18.75 td
37.5 od

	COC
	BE
	29b
	3.59b
	

	KET
	KET
	-
	-
	

	AMP
	AMP
	36c
	2.77c
	

	METH
	METH
	40.9c
	2.44c
	

	MDMA
	MDMA
	22.5c
	4.4c
	


 td: twice a day, od: one a day
a (Lemas et al., 2021), b (Castiglioni et al., 2013), c (Gracia-Lor et al., 2016).

Table S5. Matrix-effect corrected values and calibration linearity (R²) in solvent (Milli-Q water: MeOH, 90:10) and wastewater, with percentage differences in calibration slopes.
	Analyte
	Matrix effects
corrected (%)
	Linearity  
(Solvent) 
	Linearity 
(Wastewater)
	Slope difference 
(%)

	
	0.5 (µg L-1)
	2 (µg L-1)
	10 (µg L-1)
	
	
	

	AMP
	136 (2)
	82 (3)
	93 (14)
	0.99838
	0.99667
	0

	BE
	117 (7) 
	157 (9) 
	 102 (5)
	0.99898
	0.99754
	3

	COC
	149 (4)
	119 (7)
	100 (6)
	0.99721
	0.99749
	14

	FEN
	100 (7)
	104 (0)
	88 (4)
	0.99784
	0.99599
	4

	KET
	111 (3)
	110 (12)
	101 (6)
	0.99940
	0.99750
	0

	MDMA
	88 (13)
	83 (21)
	72 (7)
	0,99777
	0.99319
	16

	METH
	88 (8)
	117 (26)
	105 (14)
	0,99665
	0.99124
	26

	NOR
	NC
	NC
	NC
	0,99912
	0.99633
	2

	PHT
	126 (20)
	115 (11)
	98 (3)
	0,99251
	0.99670
	7


NC: not calculated. An isotopically labeled deuterated standard for NOR was not available when the method was validated.

Figure S1
[image: ]
Fig. S1 Confirmation of (a) KET and (b) BE in composite influent WW collected on 1 May 2024 
Extracted ion chromatograms of quantitative (Q) and qualitative (q1 and q2) transitions are shown for analytical standards and corresponding wastewater samples
Analyte identification was based on retention time agreement (±0.2 min) and relative ion ratio (q/Q) deviations below 30%, in accordance with SANTE (2021) guidelines 
Percent deviations of q/Q ratios between standards and samples are indicated in the figure
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