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Graphical and textual abstract

A simplified analytical method was developed and used to assess the occurrence of
benzotriazole and 5-methyl benzotriazole and removal rates in various Western

Australian environmental water samples.
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Environmental impact

To assess the environmental impact of benzotriazole and 5-methyl benzotriazole
contamination in various Western Australian environmental waters, the source and removal
rates of these compounds from environmental waters are required. Here we report (i) the
development of a simplified analytical method for detecting the occurrence benzotriazole
and 5-methyl benzotriazole in water samples at ultra-low (ng L™) concentrations; (ii) the
occurrence of these compounds in wastewater and surface water samples and; (iii) assess

their removal rates through an advanced water recycling plant.
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Benzotriazole and 5-methylbenzotriazole in recycled water, surface
water and dishwashing detergents from Perth, Western Australia:

Analytical method development and application

1,23
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ABSTRACT

A simplified and sensitive liquid chromatography mass spectrometry (LC-MS) method
without requiring sample pre-concentration was successfully developed for detecting the
occurrence of ultra-low (ng L) concentrations of benzotriazole (BTri), and its derivative 5-
methyl benzotriazole (5-MeBT) in various Western Australian environmental water samples.
The method detection limit was 2 ng L, providing similar detection limits to other more
process intensive methods where pre-concentration using solid phase extraction (SPE) was
employed.

The method was used to assess the occurrence of BTri and 5-MeBT in wastewater
and surface water samples. Over a period of 12 months, BTri and 5-MeBT concentrations in
secondary treated wastewater were measured, with the highest BTri and 5-MeBT
concentrations observed during winter months at 78 ng L™ and 21 ng LY respectively. The
method was also used to assess the removal efficiency of BTri and 5-MeBT through an
advanced water recycling plant (AWRP). While BTri was more persistent than 5-MeBT, both
compounds were removed from the AWRP to < 10 ng L™ (BTri) and < 2 ng L™ (5-MeBT), with

reverse osmosis (RO) providing the most effective treatment process for their removal.
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1. Introduction

Benzotriazole (BTri) and its derivative 5-methylbenzotriazole (5-MeBT) are widely used
in various industrial applications such as ultraviolet light stabilisers, photographic agents,
anti-fogging agents, corrosion inhibitors in aircraft de-icing/anti-icing fluids (ADAFs), and

household dishwasher detergents®*>*

. Due to BTri and 5-MeBT being non-flammable and
having anti-corrosion properties, these compounds are highly concentrated within ADAFs
and increasingly applied to aircraft runways™®’. Additionally, BTri and 5-MeBT (BTs) are
incorporated into dishwasher tablets for their polishing and silver protection properties™.
BTs have been considered as the second most abundant water contaminants following
ethylenediaminetetraacetate (EDTA)®. The Australian government water guidelines state

that 7 ng L™ is the permissible concentration of 5-MeBT in drinking water®, while a health

guideline of 20 ug L™ has been suggested for BTri *°.

The chemical properties of BTs (Table 1) make it difficult to remove them through

conventional wastewater treatment plants (WWTP) and may lead to their entrance into

1,11,12,13

waterways through waste discharge systems . Collectively, these point to why BTs

have been found in the environment samples throughout the world including river water,

groundwater, drinking water, wastewater, soil, as well as human urine samplesl’12’13'14.

Many studies from various nations indicate that sewer systems and dishwashing
detergents are possible sources of BTri and 5-MeBT contamination of natural water

. .1,2,4,7,17,19,20
bodies .

Studies conducted across Western Europe found the averge BTri
concentration of 2.9 pg L™ in effluents of municipal WWTP’. Likewise, BTri and 5-MeBT have
been recently detected in a municipal WWTP in South Australia, with concentrations ranging
between 928 and 5,706 ngL'1 (BTri) and 1,438 and 6,758 ng Lt (5-MeBT)19. However, as
Australia imports less than 100 tonnes of BTs annually®®, only limited studies have been

undertaken to determine the occurrence of BTs in Australian WWTPs'%*

. Nonetheless, the
frequent usage of these compounds in detergents is believed to lead to the wider

distribution of BTs throughout the environment.

Page4c¢: 8



Page 5 of 28 Environmental Science: Processes & Impacts

Table 1- Chemical structure and relevant properties of BTri and 5-MeBT.

Common name Benzotriazole (BTri), 5-Methylbenzotriazole (5-MeBT), References
1H-Benzotriazole 5-Tolylitriazole (5-Trri)
H H
| |
Chemical structure ©:N\ /@N\
. N ., N
N HsC N
CAS No. 95 14 7 136_85_6
Log Kou 1.23 1.89 15
Log K,. 1.02 1.68 15
Melting point (°C) 98-99°C 76-87°C 16
pK, (conjugated acid) 8.2 8.5 15
Vapour pressure (°C) 0.04 mmHg 0.03 mmHg 16
Solubility in water 28¢g L? 78 Lt 17
Solubility in methanol 1.33gL? 1.16gL"? 16
Refractive index 1.73 1.68 18
Henry’s low coefficient (at 25 °C) 3.17 x 10 " m*/mol 3.14x 10 " m*/mol 16
62
63 To efficiently assess the distribution of BTs in surface waters and wastewaters, rapid

64  and reliable analytical methods with low detection limits are required. However, to achieve
65 low level detection of BTri and 5-MeBT, pre-concentration of environmental water samples
66  using solid phase extraction (SPE), have been previously used, prior to sample analysis by
67 liquid chromatography mass spectrometry (LC-MS)”*%*2! The lowest detection level to

.*° who achieved a detection limit of 4 ng L™ for

68  date with pre-concentration was Loi et a
69  BTriand 5 ng L™ for 5-MeBT. Without pre-concentration, the lowest detection level achieved

70  was 33 ng L' by Weiss and Reemtsma®3.
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In this paper, we describe a simplified and sensitive LC-MS method, without sample
pre-concentration, that was successfully developed to detect BTri and 5-MeBT in
environmental water samples at low ng L™ concentrations. The LC-MS method was selected

22,23

for use in this study because of its benefits over GC-MS““*". First, LC-MS can determine

polar analytes without the need for derivatization, and is not restricted by compound-of-

interest specific limitations that hinder GC-MS***®

. Conversely, GC-MS is restricted to
detection based solely on volatility and molecular weight?®. When BTs are analysed using
GC, it often results in irreversible absorption, smearing, and/or possible complete peak
disappearance. Thus, LC-MS has broader analytical applications for detecting polar
contaminants such as BTs®. The LC-MS method was selected on the basis of its advantages

over GC-MS.

Using this developed method, the occurrence of BTs in wastewater, recycled water
and surface water samples from Perth Western Australia were investigated. Also, the
removal efficiency of BTs from the various treatment processes of an advanced water

recycling plant (AWRP) was investigated over a 12 month period.

2. Materials and methods
2.1. Chemicals and materials

The compounds, 1-H-benzotriazole (BTri, 99%), 5-methyl-benzotriazole (5-MeBT, 98%)
and the reference standards, Leucine (Leu) enkephalin acetate salt hydrate (Leu-enkephalin,
95%) were purchased from Sigma-Aldrich (Sydney, Australia). 1H-benzotriazole-D4 (4d-BTri,
97%) was purchased from Toronto Research Chemicals (Toronto, Canada). Triethylamine
(99%) was purchased from Merck Schuchardt OHG, (Hohenbrunn, Germany). Milli-Q water
(10 mQ) was obtained from ultrapure water system (Sydney, Australia). High performance
liguid chromatography (HPLC) grade methanol (MeOH) was obtained from Merck
(Darmstadt Germany) and formic acid (98%) analytical grade from purchased from Ajax
Finechem (Taren Point, Australia). A 0.45 um Supor® membrane syringe filter was obtained
from Pall Corporation (Port Washington, USA). Dishwashing products (10) were bought from

local supermarkets in Perth, Western Australia.

Page 6 c¢. 8
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2.2.  Analytical method

2.2.1. LC-MS analysis

Analysis of the target compounds, BTri and 5-MeBT, was performed using a Waters
Alliance 2695 HPLC system (Waters, Milford, MA, USA). The mobile phase was a water
methanol mixture (70:30) modified with 0.1% formic acid. The separation of BTs was
achieved using a 3.5 um 2.1x100 mm XBridge Phenyl column with 3.5 um particle size
(Waters, Milford, MA, USA). The column temperature was 30 °C and 50 pL of sample volume

was injected into the HPLC with a flow rate of 0.3 mL min™.

Note, commercially available methyl-benzotriazole consists of a mixture of both the 5-
MeBT and the 4-methyl-benzotriazole (4-MeBT) isomer, and the analytical method used
could not separate 5-MeBT from the 4-MeBT isomer. Therefore, while 5-MeBT results of
field (wastewater, recycled water and surface water) and detergent analysis are given in this

paper, the 5-MeBT data are likely a mixture of both 4-MeBT and 5-MeBT isomers.

2.2.2. Mass spectrometry

A LCT Premier XE time-of-flight (TOF) mass spectrometer (Waters MS Technologies,
Manchester, UK) equipped with an electrospray interface (ESI) operated in the positive ion
mode. The operating system of the spectrometer was Mass Lynx. Pure nitrogen gas supplied
from a nitrogen generator (Parker Domnick Hunter) was used as a nebulising and drying gas.
The temperature of desolvation was 300 °C. The source temperature was 80 °C with a
desolvation gas flow of 750 L h™, and the cone gas flow of 10 L h™. The capillary voltage was

3 kV and the sample voltage was 60 V.

2.2.3. Accurate mass

Instrument calibration was achieved using a solution of sodium formate. The solution
consisted of (i) 0.5 mL of 10% (v/v) formic acid in MQ-water; (ii) 0.5 mL of 0.05 M sodium

hydroxide; and (iii) 9 mL of 9:1 (v/v) 2-propanol in MQ-water. This sodium formate solution
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128  was modified with triethylamine (10 plL in 10 mL of sodium formate solution). A standard
129  sample of Leu-enkephalin reagent was used as an external calibrant at a concentration of

130 200 pg pL™

131
132  2.2.4. Mobile phases selection for LC-MS analysis

133 To optimise the separation of the BTs and the sensitivity of the analysis, a range of
134  varying compositions of the mobile phase were examined. The HPLC conditions were tested
135 using two different ion sources (APCl and ESI) in positive and negative ion modes. The
136  solvent mixtures were prepared from acetonitrile (ACN), MeOH and water with and without
137  formic acid addition. The mobile phases examined included : 10:90, 20:80, 30:70, 40:60,
138  50:50, 60:40, 80:20 and 90:10 of (i) 0.1% formic acid in water + ACN ; (ii) 0.1% formic acid in
139  water + MeOH; (iii) water + ACN; and (iv) water + MeOH. Several samples of the BTs were
140 injected directly into the mass spectrometer for testing optimum instrumental conditions
141  (without HPLC column). The HPLC separation column (XBridge Phenyl column - Waters) was
142 thereafter used for all experiments. The testing concentration was 500 pg L™ and the
143  injection volume was 10 pL. Further, different mixtures and solvent ratios of mobile phases

144  were examined.
145
146  2.2.5. Method validation: stability and reproducibility

147 BTri and 5-MeBT stock solutions were prepared in MQ-water. A set of calibration
148  standards prepared with concentrations of 2, 6, 10, 20, 40, 60, 80 and 100 ng L™ were stored
149  at 4 °C and analysed within 24 hours. A pure sample of MQ-water was analysed as a blank
150 to determine if there was any contamination occurring during sample preparation.
151  Consequently, calibration curves of the nine samples were obtained by plotting the
152  concentration against the peak area.

153 Three different fresh stock solution standards of BTs samples were prepared in three
154  different time periods as well as in different instrument set-ups and calibrations. Samples
155  from these different stock solutions were analysed in eleven replicates to ensure that the

156 method was stable and produced consistent results when using similar aquatic
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environmental samples (Table S1 and Table S2). Additionally, five replicates at the same
concentrations mentioned above were analysed at three different injection volumes 30 pL,

50 pL and 70 pL to confirm that the method was reproducible.

2.2.6. BTri and 5-MeBT Stability

The stability of numerous standards containing each compound (BTri and 5-MeBT)
was examined at -28 °C, 4 °C, 25 °C and analysed at 0, 30, 60 and 90 days. The BTs were
dissolved in water at 5, 10, 50 and 100 ng L™ and analysed in five replicates to investigate

whether the BTs analytical standards were stable for analysis in a workable timeframe.

2.3. Sample collection and preparation
2.3.1. Surface water

Surface water samples were collected from a small urban lake in Perth, Western
Australia three times throughout 2013. Water samples were collected from a stream
feeding the lake and the lake itself. The samples were collected at different times between
March and July from different locations around the lake perimeter. These samples were
collected in 1 L glass-bottles, which were then immediately sealed and transported to the
laboratory. On arrival, samples were immediately filtered using a 0.45 um syringe filter

before storage at 4 °C and analysed within 24 hours.

2.3.2. Wastewater and recycled water samples

Water samples were collected monthly for 12 months from the Beenyup AWRP that
used secondary treated wastewater from the Beenyup Wastewater Treatment Plant
(WWTP) in Perth, Western Australia, as feed water. The treatment processes within the
AWRP consisted of ultrafiltration (UF), reverse osmosis (RO), and ultraviolet (UV)

disinfection. Prior to UF, the water was chlorinated to prevent biofouling of treatment
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infrastructure. The highly treated water from the AWRP was then to be used as influent
water managed aquifer recharge (MAR). A schematic for the AWRP processes and sampling
locations are illustrated in Figure. 1. Water samples were collected from the following
locations within the AWRP: S1, raw feed (secondary treated wastewater); S2, feed water
after ammonia and hypochlorite dosing; S3, after UF treatment; S4, after sulphuric acid
dosing; S5, after RO treatment; S6, after degassing; S7, after stage 1 UV disinfection and
sodium hydroxide dosing; S8, after stage 2 UV disinfection; and S9, recycled water prior to
aquifer recharge. Recycled water samples were collected in 1 L glass-bottles. The samples
were kept cold during transport to the laboratory and then filtered using a 0.45 um Supor®

Membrane syringe filter. Samples were then stored at 4 °C prior to analysis.

2.3.3. Dishwashing detergent samples

To determine if the source of BTri and 5-MeBT in Australian environments could be
from dishwasher soaps/detergents, as has been previously suggested in the literature®%*?,
10 commercial soaps/detergents from local markets around Perth, Western Australia were
tested. Two mL of liquid and 2 g of powdered soap detergents were dissolved in 1 L of MQ-
water. For these samples a more intensive sample preparation was required. Non-dissolved
material was removed by filtration and interfering compounds were removed from the
filtrate using a SPE clean-up step. All samples (10 mL) were filtered using a 0.45 um syringe

filter prior to clean-up. Following filtration, all samples were spiked with 4d-BTri before SPE

clean-up step.

For sample clean-up, Oasis HLB cartridges were used (6 mL polypropylene, 500 mg;
Waters, Milford, MA, USA) after conditioning with 10 mL of MeOH, then 10 mL of acidified
water (pH 2.95 + 0.05). A water sample (5 mL) was then passed through the cartridge, and
the cartridge dried under vacuum (20 minutes). The cartridge was then washed with 2 x 5
mL acidified water (pH 2.9 + 0.05) /MeOH (95:5% v/v), and then dried under vacuum (20
minutes). Dry residues were then eluted from the cartridge with 10 mL of MeOH/ACN
(50:50), and the extract was evaporated to near-dryness under nitrogen and transferred

into a HPLC vial for LC-MS analysis.

Page 10 c: 28
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3. Results and Discussion

3.1. LC-MS conditions and signal optimisation

The best separation of BTs was achieved using a mobile phase with a 70:30 mixture
of formic acid (0.1%) in MQ-water and MeOH. This optimum LC mobile phase condition was
subsequently used in order to test MS parameters for optimum detection limits. The
analysis of BTs by MS was examined with both APCI and ESI ion sources tested in positive
and negative ion modes. lon source parameters such as capillary voltage or corona
conditions, sample cone, desolvation temperature, ion source temperature, flow rate and
gas flow were trialled to optimise peak area signals for BTs. The positive ion mode of both
ESI and APCI was found to have higher sensitivity than the negative mode. The optimal ion

source conditions for the BTri and 5-MeBT peak area signals are shown in Table 2.

Table 2- Tabulated data and optimised HPLC conditions with testing different ion sources (APCI and ESI).

Using the optimum mobile phase and ESI conditions, a detection limit for BTri and 5-
MeBT of 2 ng L* was achieved. BTri and 5-MeBT were detected at m/z 120.055 and m/z
134.069; and the internal standard 4d-BTri was determined at m/z 124.083. The lowest
detection limit accomplished using APCI was 700 ng L™. The optimised LC conditions allowed

good separation of all the analytes and internal standard (Figure 2).

3.2. Reproducibility and Linearity
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The reproducibility of the LC-MS method was confirmed using 11 freshly prepared
replicate standards. The combined experimental errors for the standards solution analysis
and the dilution errors were calculated and shown in the supporting information (Figure S1).
The standard errors of BTri and 5-MeBT were 0.0021 ng L™ and 0.0020 ng L?, respectively.
The normalised results show good reproducibility. The calibration curve for all normalised
results and errors are shown in Figure S1. Fitting was performed using the York algorithm
(2004) for linear least squares regression?’.

A nine-point calibration curve of BTri and 5-MeBT was prepared separately in
concentrations of 2, 4, 6, 10, 20, 40, 60, 80 and 100 ng Lt (Table S1 and Table S2) to test the
linearity of the analysis as shown in Figure S1. The correlation coefficients (R?) were 0.999
for 5-MeBT and 0.995 for BTri. The greater variability of BTri (as shown in Figure S1.) was

assumed to be due to dilution errors of the sample standards in one of the 11 replicates.

3.3. BTri and 5-MeBT stability and method variability

The results (Table 3) illustrated a negligible amount of loss of the BTs at -28°C. Loss was
observed at 4 °C and 25 °C, with substantial loss between 60 to 90 days. Greatest loss was
observed at 25°C (Table 3). Earlier sampling times showed minor losses of both compounds
at 25°C, and negligible loss at 4°C and -28°C. At -28°C the compounds concentration

remained stable for at least 90 days.

10
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‘Table 3- BTri and 5-MeBT stability at different concentrations and times, for different temperatures.

nd= not detected

3.4. Comparison to previous research

Previously published research using LC-MS for the analysis of BTri and 5-MeBT in
water samples is shown in Table 4. Various LC-MS systems have been used to analyse BTs
from environmental water samples. ESI ion source has been widely applied to measuring
concentration of BTs in aqueous solutions, compared to APCI. There are a number of studies
that have utilised different mass analysers, with the TOF mass analyser frequently used. The
advantages of the LC/TOF/MS as an analytical technique for detecting BTs is its capacity for
providing contaminant quantification in complex environmental sampleszg.

Without pre-concentration, the lowest detection level achieved using LC-MS was 33
ng L' by Weiss and Reemtsma®®. Here, through optimisation of instrument parameters and
chromatographic conditions, a detection limit of 2 ng L™ for BTri and 5-MeBT was achieved,
with a limit of quantification of 6 ng L. This detection limit was comparable to the lowest
pre-concentration method of Loi et al.!® who achieved a detection limit of 4 ng L™ for BTri

and 5 ng L™ for 5-MeBT.

11
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Table 4 -Previously published research conducted using LC-MS for the analysis of BTri and 5MeBT in water samples.
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3.5. Detection of BTri and 5MeBT in Surface water samples

Water samples were collected from a small lake in Perth, Western Australia to assess
if BTs were present in Australian surface water environments. BTs were detected at
concentrations ranging between 11 to 79 ng L™ for BTri and 2 to 46 ng L™ for 5-MeBT (Table
5). Concentrations of both compounds increased in the stream and lake water samples from
March to July 2013, mirroring the increased rainfall patterns for this area. In March, and
prior to annual rainfall, ultra-low concentrations were detected, with 5-MeBT down to 2 ng
L™ and BTri at 11 ng L™ (see Table 5). Temporal variations in concentration were large for all
BTs (see Table 5), and may indicate seasonal contamination during periods of more rapid
stream flow as BTs are flushed from contaminant sources into the Lake. Concentration
differences over time are not unusual, as Giger et al.'’ reported similar variations in BT

concentrations across several Swiss lakes.

Table 5- BTri and 5-MeBT concentrations in lake and stream samples analysed in three different times.

Lake (ng L'l) Stream (ng L'l)
Target
compounds
March D May D July D March D May D July D
2013 2013 2013 2013 2013 2013
BTri 11 1 14 08 27 09 21 02 33 14 79 21
5-MeBT
2 0.4 8 0.9 24 1.3 16 1.1 28 1.2 46 1.9

SD= standard deviation

The observed concentrations of both compounds were higher in the colder month of
July (2013), compared to the warmer month of March (2013) which is similar to findings in
the United States and Germany, where BTri and 5-MeBT have been more abundant in the

colder months%3132

. Note, these previous studies were conducted in areas with possible
ADAF input, which could explain the BTs contamination®3. However, the climatic conditions
in our study area are mild and ADAFs are not used. Other potential BTs sources could
include detergents, antifreeze formulation used in cars, and corrosion inhibitors. Variations
in temporal concentrations of BTri and 5-MeBT could indicate (i) variable emission sources

with differing compositions and/or (ii) different removal processes, such as

13
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photodegradation and/or sorption depending on compound properties. Additionally, BTri
concentrations were higher than 5-MeBT across all time points. This could reflect source
contamination product formulation. For example, detergents (see Table 7) have greater
proportion of BTri compared to 5-MeBT.

The stream samples contained a much higher concentration of BTri and 5-MeBT than
the lake (Table 5). Thus, the disparity between the stream and the lake suggests that
dilution and/or the photo-transformation of lake water was occurring. The source of BTs in
the stream was not identified and an extended investigation at different sampling times and

sampling locations would be required to identify potential inputs.

3.6. Detection of the BTri and 5MeBT in wastewater and recycled water samples

Over the period of one year, from April 2013 to April 2014, wastewater and recycled
water samples were collected 10 times from the Beenyup AWRP in Perth, Western
Australia. Samples were collected approximately monthly, however times were varied to
coincide with periods of prolonged stable operation. As such two sampling events were
unable to be conducted due to scheduled maintenance of the AWRP. Each time, nine
samples were collected from different sampling locations within the AWRP (Figure 1).
Higher concentrations were observed for BTri than for 5-MeBT in all water samples (Figures
3 and 4). The highest concentration of both compounds were detected in S1 (raw feed -
secondary treated wastewater) during September 2013 at a concentration of 78 ng L™ and
21 ng L for BTri and 5-MeBT, respectively. Average removal of BTs for each treatment
process as a percentage of the AWRP feed water (S1) is given in Table 6. These results
showed that the most effective treatment for BTs removal was the RO process with 38%

(BTri) and 52% (5-MeBT) removal.

The concentrations of BTri and 5-MeBT in the secondary treated wastewater used as
the feed water to the AWRP were comparable to concentrations determined in a previous
study conducted in Greece®*. A strong seasonal trend was observed (Figures 3 and 4) with
substantially higher feed water concentrations in July, August and September, being the
winter months of the year. The minimum feed water concentrations were 22 ng L™ for BTri

and 6.5 ng L for 5-MeBT in February (2014) while maximum feed water concentrations

14

Page 16 ¢ 28



Page 17 of 28

335
336
337
338
339

340
341

342
343
344
345
346
347
348
349
350
351
352
353

Environmental Science: Processes & Impacts

were 78 ng L* (BTri) and 21 ng L™ (5-MeBT), in September and August (2013). The lower
influent concentrations of BTs into the AWRP during the summer season may have resulted
from the increased temperature of wastewater within the WWTP, enhancing evaporation or

degradation during wastewater treatment, such as the aerobic treatment stage®**®.

Table 6-Removal efficiency of BTri and 5-MeBT for each wastewater treatment process.

nc = not calculated as concentrations were below the detection limit.

BTri and 5-MeBT concentrations showed substantial removal through the AWRP (see
Figures 3 and 4). The BTri concentrations decreased by 87%, while 5-MeBT concentrations
were removed to below detection level (<2 ng L™), except during the winter months of July,
August and September when feed water concentrations were higher.

The AWRP was consistent at efficiently removing BTri and 5-MeBT from the secondary
treated wastewater to < 10 ng LY and <2 ng Lt respectively. BTri removed to < 2 ng L™ was
observed on 4 out of the 10 sampling occasions. These results suggest that the recycled
water produced from the AWRP would be suitable for groundwater replenishment.

The removal efficiency of each treatment process or dosing step within the AWRP was
calculated based on the concentration difference between the sampling locations prior and
after the treatment process/dosing step, and expressed as a percentage of feed water

concentration into the AWRP (i.e. S1). As expected, there were substantial differences in
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BTri and 5-MeBT reduction for the treatment processes (see Table 6) compared to the
dosing steps, as the dosing steps were not designed to remove BTs, but provide
infrastructure protection (minimising biofouling and scaling) and pH amendment. The
dominant treatment process in removing BTs was RO (S4 to S5), with BTri and 5-MeBT
concentrations being reduced by 38% and 52%, respectively. The improved removal of 5-
MeBT compared to BTri was likely a reflection of the slightly higher hydrophobic properties
of 5-MeBT (log Ko of 1.89 for 5-MeBT compared to log K., of 1.23 for BTri).

The combined treatments of UF and RO (S1 to S4) resulted in a reduction of 51% and
88% respectively. The reduction of 5-MeBT was consistent with a previous study by Loi et
al.’® where 85% removal of 5-MeBT was observed for combined UF and RO treatment®®. A
reduction of ~ 60% for BTri and 5-MeBT between influent wastewater to RO permeate was

reported during a 1.5 year investigation of an upgraded municipal wastewater plant®’.

3.7. Detection of the BTri and 5M-eBT in soap detergent samples

To test whether commercial cleaning agents could be the source of the BTs
contamination observed in wastewater, 10 commercially available soaps and detergents
were screened for BTs. The soaps and detergents analysed were recommended for the use
of cleaning dishes, clothing and the human body. As shown in Table 7, BTri was detected in
four liquid soap samples (40%), whereas 5-MeBT was only detected in two (20%). The
highest concentrations were detected in liquid dishwashing detergent S2 at 4600 ng L™
(BTri) and 2600 ng L™ (5-MeBT). Samples S1 and S2 contained both compounds, while S3
and S4 only contained BTri. The lowest BTri concentration found was 680 ng L™ in S4, which
was a clothing detergent. The other six washing detergents/soaps (S5 to $10) did not show
the presence of BTs. Note, both powdered soaps did not show the presence of either
compound. The variation in product formulations of the different manufactures is the likely

reason for the variation in BTri and 5-MeBT concentrations within the different detergents.
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Table 7- BTri and 5-MeBT concentrations in washing products samples.

Target compounds Washing products (ng L'l)
S1 S2 S3 sS4 S5 to S10
BTri 2800 4600 1500 680 nd
5-MeBT 2000 2600 nd nd nd

nd*= below the detection limit.

In South Australia, BTs have been reported in municipal WWTPs and drinking water

samples™?®?.

The frequent use of detergents may largely underpin the widespread
distribution of BTs throughout Australian environments. Prior to this study, there was no
data available assessing BTri and 5-MeBT in commercially available Australian dishwashing

detergents.

This study indicated that one possible cause of BTri and 5-MeBT accumulation in
Australian environments is the use of household soaps and detergents, and their
subsequent discharge to wastewater. This is a likely given Australia’s use of ADAFs is
minimal, unlike other counties where ADAFs are significant contributors to BT

contamination®*®

. As indicated in Table 7, each liquid washing detergent contained a
seemingly low mean BT concentration of 958 ng L™ (BTri) and 460 ng L™ (5-MeBT). However,
taking into consideration the potential collective amount of washing detergents that are
being used in Australia, the combined environmental discharge could be substantial. This
aligns with previous studies implicating dishwashing products as potential wastewater

1247171920 "yjatter and Lorenz® also showed that 99% of BTs will travel into

contaminants
WWTPs via dishwasher effluents. It could also be inferred that similar collective
accumulation as a result of dishwashing products, coupled with the use of ADAF’s in Europe

and North America are attributing to the higher concentrations in the environment® %3,

The properties of both BTri and 5-MeBT such as oxidative resistance, UV resistance,

and high solubility would facilitate their longevity under environmental conditions and
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perhaps accumulation to toxic levels, if treatment processes are ineffective in attenuating

wastewater concentrations.

4. Conclusions

This paper discusses the development of a simplified and sensitive liquid LC-MS
method without sample pre-concentration was successfully developed for detecting the
occurrence of ultra-low (ng L) concentrations of BTri and 5-MeBT in various Western
Australian environmental water samples. Through optimization of instrument parameters
and chromatographic conditions, a detection limit of 2 ng L™ was achieved for BTri and 5-
MeBT, which was similar to other more process intensive methods where pre-concentration
using solid phase extraction (SPE) was employed.

This method was subsequently used to: (i) assess the effectiveness of an AWRP for the
removal of BTs from wastewater, and (ii) investigate BTri and 5-MeBT concentrations in a
surface water environment. The removal of BTs from wastewater was successful using the
AWRP, where BTri and 5-MeBT concentrations were reduced to < 2 ng L, and 10 ng L™
respectively. RO treatment was the most effective removal process within the AWRP.

In a surface water environments, a Perth lake and in the stream water feeding the
lake, BTs were present. The higher stream water concentrations suggested the lake
contamination was a result of the contaminated stream water. However, the source of BTs
in the stream was not identified. A potential source of BTri and 5-MeBT in wastewater and
possibly surface waters could be washing detergents as BTs were detected in 40% of the

washing detergent samples analysed.
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27 Figure. 1. Schematic of the Beenyup AWRP showing treatment processes and sampling locations.
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Figure 2. A Combined chromatograms from LC-MS analysis of BTri (m/z 120.055), 5-MeBT (m/z 134.069) and 4d-BTri
(m/z 124.083; internal standard).
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Figure3. BTri concentrations in all AWRP treatment stages.
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