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Abstract: The detection and monitoring of illicit drug concentrations in environmental waters is
of increasing interest. This study aimed to determine if illicit and regulated compounds, their
potential pre-cursors, and metabolites varied in amount discharged into the environment from
treated wastewater at different facilities. Water samples were taken from discharge points of four
different tertiary wastewater treatment plants discharging directly into the Hawkesbury-Nepean
River (Australia) on two different occasions and analysed to determine the concentrations of
compounds including: ephedrine, pseudoephedrine, amphetamine, 3,4-methylenedioxyamphetamine,
3,4-methylenedioxymethamphetamine, methamphetamine, cocaine, and benzoylecgonine. Here,
we show that detectable levels of illicit drug and metabolites are being emitted on a consistent
basis after having persisted through the wastewater treatment process. The concentrations of
methamphetamine are in excess of previously reported surface water concentrations. The estimated
total load of compounds being discharged on a daily basis is greater than similar sized catchment
areas. The results presented here are of concern from both an ecological and human health perspective.
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1. Introduction

Illicit and regulated compounds are considered to be contaminants of emerging concern (CEC) due
to the potential negative impacts on the environment and human health [1]. Excreted as either the parent
compound or as metabolites, these CECs have been reported to persist into the wider environment [2–6].
Wastewater treatment plants (WTPs) are generally not required to remove illicit and regulated CECs and
these compounds are reported to last through the wastewater treatment process [7–9]. Receiving water
bodies therefore can be considered to be the most susceptible environmental for contamination by
CECs [10].

Untreated wastewater influent has been used to estimate the use of illicit drugs by a
population [4,5,11]. A study of 23 countries with reported data for methylamphetamine, amphetamine,
cocaine, and 3,4-methylenedioxymethamphetamine (MDMA) highlighted that Australia has the
second highest total estimated consumption overall after the United States of America [12].
The amount of methamphetamine consumption reported from untreated influent wastewater has
been reported as significant compared to many European cities with mean Australian values of
804 mg/day/1000 people [13]. Worldwide, the reported removal rates through the modern treatment
of wastewater vary from 13 percent for MDMA and 70 percent for ephedrine [8], to 93 percent for
benzoylecgonine [14], and up to 100 percent for amphetamine [15] and mehylamphetamine [16].
Despite reports that WTPs remove the majority of illicit compounds, the discharge of treated
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wastewater effluent into waterways has resulted in the detection of these compounds in surface
waters in Europe [2,7,8] and in North America [17–19].

Stimulants such as amphetamine have the potential to influence both the ecological function in
aquatic ecosystems as known disruptors to catecholamine production/reception in mammals, and
they may also disrupt catecholamines production or function in aquatic algae [1]. Mussels exposed
to 50.0 µg/L of cocaine had alterations to lysosomal membrane stability and DNA strand breaks
in the gills after 96 h of exposure [20]. European eels exposed to 20 ng/L of cocaine over 30 days
changed brain dopamine and plasma catecholamine levels and the activity of pituitary–adrenal–thyroid
axes [21]. Cocaine has also had effects on European eel histology including skin [22] and muscle [23].
Potential ecological impacts are dependent upon bioaccumulation rates, the persistence of cocaine in
natural waters, and proximity to WTP effluent discharge location [10,24]. There is a need for detailed
information on the discharge of illicit compounds into the environment that takes note of individual
treatment plant size and variances through time.

The present work provides an Australian context to the presence of illicit drugs being released
into the aquatic environment from the discharge of tertiary treated municipal wastewater into the
Hawkesbury-Nepean River (New South Wales, Australia). The Hawkesbury-Nepean is the largest river
system in the Sydney basin, with a rapidly urbanising catchment area of 21,400 km2 and the studied
WTPs servicing a population of over 1.1 million people. The objectives were to evaluate the presence
of illicit compounds in discharge water from WTPs, and to compare daily loads of these illicit drugs in
the receiving waterways. The reported concentrations and loads were compared with international
studies to provide a perspective for illicit and regulated CEC loads in similar urbanised landscapes.

2. Materials and Methods

2.1. Sampling Program

Water samples were collected at the discharge point of four WTPs that discharge tertiary treated
wastewater into tributaries of the Hawkesbury-Nepean River, New South Wales, Australia (Figure 1).
Duplicate 500 mL grab samples were collected at each of the four discharge points on a single day on
two occasions, April 2017 and August 2017. This corresponds to dry autumn and winter conditions
with predicted limited variation in illicit drug concentration [8]. Water samples were collected at the
effluent discharge point entering the individual creeks as grab samples with control samples at each
site collected within 50 m upstream of the discharge point. Samples were maintained at 4 ◦C until their
arrival at the laboratory and then filtered through glass microfiber GF/A filters (Whatman, UK) and
stored at 4 ◦C. All subsequent analytical work was undertaken within 24 h.
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Figure 1. The locations of sampling sites (triangles) and wastewater treatment plants (circles) sampled
in Western Sydney, New South Wales, Australia.

2.2. Analytical Techniques

The analytical method tested for the presence of the following illicit drugs, their metabolites
and precursors: cocaine (COC), benzoylecgonine (BEN); amphetamine (AMP); methamphetamine
(MAMP); 3,4-methyl-enedioxymethamphetamine (MDMA); 3,4-methylenedioxyamphetamine (MDA);
pseudoephedrine (PSE); and ephedrine (EPH) (Appendix Table A1). The following six deuterated
molecules were used as internal standards: Cocaine-d3, Benzylecgonine-d3, Amphetamine-d5,
methamphetamine-d5, MDMA-d5 and MDA-d5. Certified reference standards were sourced from
Lipomed (Lipomed Ag, Switzerland) and Chiron (Chiron, Norway) as 1 mg free base in either 1 mL
methanol or 1 mL acetonitrile. Working standards were prepared daily by dilution with analytical
grade methanol and stored at 5 ◦C.

The method for compound extraction and analysis was based largely on Castiglioni et al. [15],
with the following refinements. Triplicate Solid-Phase Extraction (SPE) phase was performed using
mixed reversed-phase cation-exchange cartridges (XCEL R© I) with 200 mL of the sample spiked with
10 uL of internal standard mix, passed through the SPE cartridge under vacuum at 3 mL/min flow
and vacuum dried for 10 min. Elution was performed using 3 mL methanol: ammonium hydroxide
(98:2). Mobile phases were filtered through a 0.22 µm membrane polypropylene filter (Millipore,
USA). Eluents were analysed using Liquid Chromatography–Tandem Mass-Spectrometry using a
Shimadzu 8050 HPLC-MS/MS (Shimadzu, Japan) and ACE C18-pentafluorophenyl column (Advanced
Chromatography Technologies Ltd., Aberdeen, UK).

Multiple reaction monitoring (MRM) and retention times were verified using the certified reference
materials and deuterated compounds. QA/QC where the ratio of the retention times of the analytes
in spiked matrix and standard solution were within ±5% tolerance. Method detection limits (LODs)



Water 2019, 11, 1071 4 of 10

were confirmed by injecting triplicate extracts spiked at 10 ng/L. The limits of quantification (LOQs)
were the lower concentration that provided acceptable recovery (relative recoveries ≥ 85%) for spiked
water samples in triplicate.

2.3. Calculation of Total Discharge and Mass Amounts

Total daily discharge volumes from each individual wastewater treatment facility over a
five-month period was sourced from Sydney Water [25]. The mean daily discharge volumes were used
to calculate daily loads of illicit drugs to the receiving creeks from the mean concentrations of illicit
drugs in the water (g/L) [25]. The mean daily volume discharge from the selected plants (Figure 2)
ranges from a low of 0.9 ML/day at North Richmond WTP which discharges into Redbank Creek,
7 ML/day at Castle Hill WTP discharges into Cattai Creek, 23.4 ML/day from Penrith WTP which
discharges into Boundary Creek up to 40 ML/day at Quakers Hill WTP which discharges into Breakfast
Creek. Each individual WTP was consistent in discharge volume and at normal operational discharge
volumes during the two sampling periods (Figure 2). Conversion of the metabolite benzoylecgonine to
the parent cocaine was calculated from the metabolite concentration multiplying by a factor of 2.33.
This takes into account the average molar fraction (45%) and molar mass ratio (0.95) of a cocaine dose
that is excreted as the metabolite [26].

Figure 2. Discharge volumes for each sample site in kL/day. Data sourced from Sydney Water.
Sampling periods in April and August highlighted in blue arrow.



Water 2019, 11, 1071 5 of 10

3. Results

3.1. Detection of Illicit Compounds

All of the investigated compounds were detected at each site across the sampling periods at
concentrations in the µg/L range (Table 1). The Breakfast Creek with the highest discharge volume at
40 ML/day was the only location where concentrations for MDA in April and ephedrine in August
were below the analytical detection limit. Concentrations in August (winter) were higher across all sites
for pseudoephedrine, methamphetamine, cocaine, and benzoylecgonine with all other compounds
varying between August and April.

Table 1. Concentration of illicit compounds and metabolites and 95 % confidence intervals for the April
and August sampling periods (µg/L) (bdl = below detection limit).

Redbank Creek Boundary Creek Breakfast Creek Cattai Creek

April August April August April August April August

Ephedrine 1.78 ± 0.11 2.21 ± 0.27 0.43 ± 0.04 1.16 ± 0.15 0.43 ± 0.01 bdl 1.72 ± 0.06 1.93 ± 0.28
Pseudoephedrine 11.33 ± 0.07 13.82 ± 1.80 2.96 ± 0.19 6.56 ± 1.71 7.46 ± 0.18 10.50 ± 0.01 7.88 ± 0.21 18.63 ± 2.53
Amphetamine 0.05 ± 0.01 0.17 ± 0.01 0.03 ± 0.00 0.56 ± 0.43 0.04 ± 0.00 0.08 ± 0.01 0.10 ± 0.01 0.24 ± 0.07
MDA 0.21 ± 0.01 1.51 ± 0.16 0.06 ± 0.00 0.60 ± 0.39 bdl 0.03 ± 0.00 0.97 ± 0.00 0.58 ± 0.07
Methamphetamine 15.46 ± 0.23 25.25 ± 2.83 3.09 ± 0.03 7.55 ± 2.27 4.40 ± 0.15 10.27 ± 0.22 3.89 ± 0.10 7.84 ± 1.02
MDMA 1.13 ± 0.01 1.51 ± 0.16 0.43 ± 0.00 0.60 ± 0.39 0.22 ± 0.00 0.03 ± 0.00 1.99 ± 0.05 0.58 ± 0.07
Cocaine 0.63 ± 0.00 2.99 ± 0.51 0.07 ± 0.00 0.68 ± 0.40 0.13 ± 0.01 0.75 ± 0.02 0.75 ± 0.03 0.91 ± 0.10
Benzoylecgonine 4.28 ± 0.02 21.57 ± 1.96 1.11 ± 0.02 3.29 ± 0.65 1.61 ± 0.05 5.94 ± 0.10 18.87 ± 0.40 17.58 ± 1.92
COC:BEN 0.15 0.14 0.06 0.21 0.08 0.13 0.04 0.05

The mean concentration of methamphetamine was 9.7 µg/L for all sampling periods. The highest
concentrations of methamphetamine was recorded for the Redbank Creek (lowest mean discharge
volume at 0.9 ML/day) with 25.25 µg/L in August and 15.46 µg/L in April. Methamphetamine
concentrations were higher in the August samples across all sites. This is in contrast to amphetamine
with variance between peak concentrations in either the April or August samples depending upon site.
Amphetamine had a mean concentration of 0.15 µg/L for all sites and a maximum concentration of
0.56 µg/L at Boundary Creek in August.

Cocaine and the metabolite benzoylecgonine had mean concentrations of 0.86 µg/L and 8.03 µg/L
for all sites with August samples having higher concentrations than the April samples. The maximum
concentration of cocaine was 2.99 µg/L at Redbank in August with the same sample providing
the maximum metabolite concentration at 21.57 µg/L. The treated effluent had ratios of cocaine to
benzoylecgonine ranging between a minimum of 0.06 at Boundary Creek in April to a maximum of
0.20 at the same location in August. The mean cocaine to benzoylecgonine ratio for all samples was
0.11 which is greater than previously published surface water data but within the range of untreated
influent wastewater data [26].

The stimulants ephedrine and pseuodephedrine had mean concentrations of 1.2 µg/L and
9.9 µg/L respectively with only pseudoephedrine having higher August concentrations relative
to April. As with cocaine and benzoylecgonine, the Redbank Creek in August sample had the highest
concentration for ephedrine at 2.21 µg/L and pseudoephedrine at 18.63 µg/L. This was repeated with
MDA with a mean concentration of 0.49 µg/L and highest concentration recorded at 1.51 µg/L at the
Redbank Creek in August sample. However, MDMA with a mean concentration of 0.81 µg/L and the
highest concentration of 1.99 µg/L reported at Cattai Creek in April.

3.2. Discharge Quantities

The discharge of illicit compounds and metabolites was extrapolated to daily loads using the
reported discharge volumes from each WTP (Table 2). The discharge rates during the April and August
sampling periods were within the 95 % confidence limits of discharge volume mean and ranged from
0.9 ML per day for Redbank Creek to 40 ML per day for Breakfast Creek. The estimated total load of
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all measured compounds in the discharged effluent from the combined four sites totals 1125 g per day
for April and in August reaches a total of 1902 g per day.

Table 2. Total effluent discharge loads based upon measured concentration and discharge volume in
g/day for April and August sampling periods.

Redbank Creek Boundary Creek Breakfast Creek Cattai Creek

April August April August April August April August

Ephedrine 1.95 1.77 11.44 27.12 19.78 0 13.93 11.19
Pseudoephedrine 12.46 11.06 78.74 153.4 343.2 409.5 63.82 108.1
Amphetamine 0.06 0.14 0.80 13.09 1.84 3.12 0.81 1.39
MDA 0.23 1.21 1.59 14.03 0 1.17 7.86 3.36
Methamphetamine 17.00 20.20 82.19 176.52 202.4 400.5 31.51 45.47
MDMA 1.24 1.21 11.44 14.03 10.12 1.17 16.12 3.36
Cocaine 0.69 2.39 1.86 15.89 5.98 29.25 6.08 5.28
Benzoylecgonine 4.71 17.26 29.53 76.92 74.06 231.6 71.85 101.96
Total 38.36 55.22 217.6 490.9 657.3 1076 211.9 280.1

Breakfast Creek had the greatest methamphetamine load with a max of 400.5 g per day in August
due to the high effluent discharge volume. The mean total load of methamphetamine is 121 g per
day for all samples combined. This is in contrast to Redbank Creek which had the highest measured
concentration per litre at 25.25 µg/L and a mean methamphetamine load of 20.2 g per day. The greatest
estimated load for amphetamine is at the Boundary Creek site at 13.1 g per day in August, which had
a lower effluent discharge rate than Breakfast Creek that emitted only 3.12 g per day in August.

The mean daily load for cocaine across all sites was 14.61 g/day for April and 52.81 g/day for
August ,whilst the metabolite benzoylecgonine was 180 g/day for April up to 427 g/day in August.
As with methamphetamine, the highest loads for cocaine were at Breakfast Creek with a mean of
17.6 g/day even though Redbank Creek had the greater concentrations. The total load of metabolite
benzoylecgonine and cocaine are in line with previously reported concentrations by Zuccato et al. [26],
albeit at the higher end.

The greatest mean load for all compounds was the stimulant pseuodephedrine with 498.2 g/day
in April and 681.9 g/day in August. In contrast, the stimulant ephedrine had similar loads for the
sampling periods at 47.1 g/day in April with a lower load of 40.1 g/day in August. The highest
levels of pseudoephedrine were at Breakfast Creek in August, which has the largest effluent discharge
volume. In contrast, Boundary Creek with a lower effluent discharge volume had the highest total
daily load for amphetamine, MDA and MDMA.

When comparing the sum total daily loads from the individual WTPs, taking into account the
effluent discharge volumes from each site, there is a lower estimate of 38.36 g/day (Redbank Creek in
April) and an upper estimate of 1076 g/day (Breakfast Creek in August). From the four combined WTPs
averaged across the two sampling periods, there is an estimated 1513 g/day load being discharged
into the Hawkesbury-Nepean River system.

4. Discussion

The detection of the illicit compounds cocaine and methamphetamine are greater than those
reported in comparable literature. Our study found methamphetamine in concentrations varying from
3.09 µg/L to 25.25 µg/L. These levels are higher than previous studies that have found maximum
concentrations of 0.002 µg/L [17] and 0.0008 µg/L [8] with some studies reporting no detection of
methamphetamine or amphetamine [19]. This is not surprising as reported use in European countries
is 200 mg/day/1000 people [27] whilst in the New South Wales area (approximate to this study) values
have been reported as 595–995 mg/day/1000 people [13]. This is far in excess of reported loads from
comparable studies but is within wastewater effluent concentrations reported in Australia [12].
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Few studies have reported total daily loads of illicit drugs being discharged into the environment,
but there are two studies that we can compare our data to, one from the river Taff in Wales, UK [2]
and another from Italy [7]. Zuccato et al. [7] found a daily load of benzoylecgonine ranging from
8 g/day to 391 g/day and a daily load of cocaine of 1.9 to 60 g/day. The total loads reported here
averaged across all samples are 274 g/day for benzoylecgonine and 33 g/day for cocaine. This places
the results in line with more urbanised systems that have greater populations. The concentrations
of cocaine and the metabolite benzoylecgonine were above those reported in European and north
American studies. This study reports mean concentrations of 0.86 µg/L for cocaine and 8.03 µg/L
for benzolycogonine. Related studies have reported cocaine and benzoylecgonine in surface waters
at concentrations of 0.01 and 0.1 µg/L in Spain [28], 0.11 and 0.5 µg/L in Belgium [29] with 0.007
and 0.02 µg/L in Canadian surface waters [19]. A comprehensive review by Pal et al. [10] found
no reported concentrations of cocaine in surface waters greater than the ng/L range with one study
in Spain reporting 0.044 µg/L [30] and a maximum concentration of benzoylecgonine at in Sar at
0.316 µg/L [31]. Comparable concentrations have been reported from direct wastewater analysis with
cocaine being reported at 4.7 µg/L and benzoylecgonine at 7.4 µg/L in Spain [32]. The concentrations
of cocaine in this study have been reported to impact mussels [20] and eels [21,22].

Despite elimination rates that can reach >90 per cent during wastewater treatment, cocaine and
benzoylecgonine are ubiquitous in surface waters [10] and present in this study. Based on reported
human excretion values of cocaine and benzoylecgonine after cocaine consumption (1–9 per cent and
35–54 per cent, respectively) [33] and their molar mass relation, the excreted cocaine to benzoylecgonine
ratio should range from 0.02 to 0.27 [26]. Here, the ratios for all samples falls within these bounds
with a mean value of 0.11 and a range of 0.04–0.21. Conversion of the benzoylecgonine to total cocaine
equivalents load entering the system is estimated to be 428 g/day for April and 898 g/day for August.
This is compared to the 3800 g/day reported by Zuccatto et al. [26] for the Po River noting the
differences in population between the two study sites and the higher actual concentrations reported in
this work.

The mean concentration of the stimulants amphetamine (1.5 µg/L), ephedrine (1.2 µg/L), MDA
(0.5 µg/L), and pseudoephedrine (9.9 µg/L) were present at all sampling locations and were at and
above concentrations reported worldwide. The mean ephedrine concentrations measured in this
study at 1.2 µg/L are above maximum levels reported in studies from Spain at 0.309 µg/L [30].
Pseudoephedrine is not as widely reported, but concentrations in wastewater effluent in the United
Kingdom have maximum reported concentrations 0.127 µg/L [8] compared to the 9.9 µg/L reported
in this study. Higher levels of ephedrine/psuedoephedrine can be considered potential illicit drug
precursor materials but are more likely due to the widespread use of decongestants with August
concentrations generally higher than April concentrations across all sampling sites at these reported
concentrations. Amphetamine was detected with a mean of 0.15 µg/L across all samples, which
is comparable to 0.03 µg/L detected in Spain [34] and 0.12 µg/L in Canada [19]. Whereas some
studies report no detection of MDMA in surface water, this study reports a mean of 0.81 µg/L
across all sampling sites, suggesting widespread use of this compound. MDMA ranged from
0.03 µg/L to 1.99 µg/L, in our study and has been previously reported at levels of 0.0005 µg/L [17]
and 0.0134 µg/L [8]. MDA can be used a stimulant and is also an active metabolite of MDMA
consumption [35]. Maximum concentrations in UK wastewater have been reported at 0.25 µg/L,
which is comparable to the mean concentrations reported here at 0.49 µg/L.

These differences in both concentration and overall load could be due to a number of factors
including different wastewater treatment processes [8,16], the influent volumes (the illicit drug use
of the population served) [16] and dilution rates (flow volume of the receiving water body and the
volume of WTP effluent). The data reported here were sampled directly at the effluent discharge
location and allowed for minimal mixing with the environmental water. The samples were all collected
under normal flow regimes from each WTP and no dilution effects (such as rain or additional WTP
discharge) were incurred.
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5. Conclusions

Our findings show that illicit compounds including methamphetamine and cocaine are a
contaminant in the surface waters of tributaries that flow to the Hawkesbury-Nepean River, which
is the largest river in the Sydney basin. This presents a problem in rapidly urbanising areas such
as this study site that have constrained waterways with increasing daily wastewater load, and no
change in the receiving waterways size. Our data show that several contaminants are within range for
those reported in surface waters worldwide except for methamphetamine, which is emitted at higher
concentrations than previously reported. The treatment protocols in place for the WTP discharge
water in this study have not completely removed these emerging contaminants. The concentrations
reported here that are discharged into the Hawkesbury-Nepean River system are similar to more
heavily urbanised catchments in Europe and pose a concern to the environmental management of
these waterways.
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Appendix A

Table A1. Method validation and LOD and LOQ relative to internal standards and matrix for LC
MS/MS.

Compound % Recovery ± SD at 10 ng/L LOD (ng/L) LOQ (ng/L)

Ephedrine 93 ± 3.1 0.10 0.31
Pseudoephedrine 103 ± 2.8 0.08 0.25

Amphetamine 95 ± 3.4 0.10 0.33
MDA 101 ± 5.6 0.35 1.01

Methamphetamine 107 ± 3.2 0.18 0.8
MDMA 101 ± 2.4 0.10 0.33
Cocaine 100 ± 3.8 0.02 0.07

Benzoylecognine 101 ± 2.7 0.06 0.18
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