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An environmentally sensitive method for rapid
monitoring of 6PPD-quinone in aqueous samples
using solid phase extraction and direct sample
introduction with liquid chromatography and
tandem mass spectrometry

*bc

Xiangjun Liao, ¥ ** Andrew R. S. Ross ¥ *? and Tanya M. Brown

The tire rubber antioxidant derivative N-(1,3-dimethylbutyl)-N'-p-phenyl-phenylenediamine-quinone
(6PPD-Q) has been linked to toxic injury and death of coho salmon (Oncorhynchus kisutch) in
Northeastern Pacific urban watersheds. The chemical is known to be lethal to coho salmon at relatively
low and environmentally relevant concentrations. We have developed a new and environmentally
sensitive method for rapid monitoring of 6PPD-Q at concentrations ranging from less than 2 ng L™* to
over 1400 ng L™ in water samples collected from creeks. Sample analysis by liquid chromatography
tandem mass spectrometry (LC-MS/MS) following solid phase extraction (SPE) or dilution and direct
introduction (dilute-and-shoot or DnS) was investigated. Limits of quantification were 1.74 ng L™ for
DnS-LC-MS/MS and 0.03 ng L™ for SPE-LC-MS/MS using 9.6 mL of water sample, which was 3.3 times
lower than the lowest reported limit of quantification (0.1 ng L™%) obtained with 500 mL of sample. The
method used up to 99% less solvent during extraction than established procedures, leading to an
equivalent reduction in the amount of waste generated. Sample storage space was also reduced due to
the small volumes of sample required for analysis and the smaller bottles needed to collect these
samples. The method was evaluated by comparing results with those obtained by a commercial
This
environmentally friendly and cost effective strategy for 6PPD-quinone analysis may be applied to other

laboratory using established procedures, which showed good agreement (? = 0.982).

chemical monitoring studies in order to optimize sample storage and solvent usage while covering
a wide range of analyte concentrations.

6PPD-quinone was identified as the contaminant responsible for urban runoff mortality syndrome in coho salmon. Rapid profiling of 6PPD-quinone in water

samples to support policy and regulatory decision making has been required, but current strategies are challenged by low sensitivity, large waste and storage
space. Here, we report the use of dilute-and-shoot (DnS)-LC-MS/MS and (or) solid phase extraction (SPE)-LC-MS-MS to analyze water samples by using up to 99%
less solvent and 9.6 mL sample, thus reducing up to 99% of generated waste, minimizing the overall time and cost of analysis, and saving sample storage space.

Therefore, our work can help to realize the “Responsible Consumption and Production” of the Sustainable Development Goals (SDGs).

Introduction

The tire rubber antioxidant derivative N-(1,3-dimethylbutyl)-N'-
p-phenyl-phenylenediamine-quinone (6PPD-Q) has been iden-
tified as the toxic agent responsible for urban runoff mortality

syndrome in coho salmon (Oncorhynchus kisutch) in urban
watersheds in the Northeastern Pacific." The identification of
6PPD-Q, and its occurrence at lethal concentrations in urban
aquatic systems>® has prompted the need for environmental
detection and monitoring that will assist with the prioritization
of sites for mitigation.

Since the discovery of this toxic chemical in 2020 numerous
analytical methods for the determination of 6PPD-Q have been
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developed.»** These include methods based upon gas chro-
matography (GC) time-of-flight mass spectrometry (TOF-MS)
and ultra high-performance liquid chromatography (UHPLC)
combined with Orbitrap, TOF, and triple quadrupole mass
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spectrometry.**® Liquid chromatography tandem mass spec-
trometry (LC-MS/MS) has been applied to the analysis of 6PPD-
Q in water samples obtained from toxicity studies***™** and in
environmental samples including runoff water,'*® surface and
storm water,””*'® snowmelt and river water,'® municipal waste
water," dust,”® particulate matter'®**** and soil.'* LC-MS/MS
has also been used to quantify 6PPD-Q in biological samples
including human urine,* cell cultures,* and tissues like brain,
gill, liver and muscle® collected from fish and mice during
toxicity studies®® as well as in food samples such as honey and
fish.>”

LC-MS/MS-based methods require sample preconcentration
using solid-phase extraction (SPE) for determination of 6PPD-Q
in aqueous matrices, in order to measure 6PPD-Q in water
samples at concentrations below 2 ng L™". This represents the
lower range of concentrations typically observed before and
after rainfall events, whereas higher concentrations occurred
during raining may be detected and quantified by LC-MS/MS
following sample dilution and direct introduction, also known
as dilute-and-shoot (DnS). To our knowledge the use of LC-MS/
MS with DnS and SPE to monitor the wide range of 6PPD-Q
concentrations observed in environmental water samples
during rainfall events has not yet been reported.

Here we describe the development, optimization and vali-
dation of a robust method for rapid detection and quantifica-
tion of 6PPD-Q in water samples at concentrations ranging from
0.03 to over 1000 ng L™" based upon DnS-LC-MS/MS and SPE-
LC-MS/MS. Specific objectives include (i) evaluation of the
method with regard to method limit of quantification, linearity,
precision, recovery and freedom from matrix interferences; (ii)
adoption of an environmentally sensitive approach using small
volumes of sample and solvent, (iii) evaluation of the method
for analysis of 6PPD-Q in creek water samples and comparison
with results obtained using a commercially available LC-MS/MS
method and (iv) validation of the proposed environmental
strategy on responsible consumption and production. This new
method broadens the range over which 6PPD-Q concentrations
can rapidly be monitored in natural waters, making it possible
to determine the earliest onset and maximum levels of exposure
to 6PPD-Q during rainfall, runoff, and other events.

Materials and methods
Samples

Water samples were collected before, during, and after rain
events (=5 mm precipitation) following dry periods (=48 h) in
creeks around Metro Vancouver and on Vancouver Island,
British Columbia (B.C.). Samples were collected by hand
directly into traceable precleaned 250 mL amber glass short jars
with 70 mm Teflon lined cap (Systems Plus Ltd, ON, Canada)
and then stored at —20 °C. Samples were shipped frozen prior to
sample preparation for LC-MS/MS analysis at the Fisheries and
Oceans Canada (DFO) Institute of Ocean Sciences (IOS) in Sid-
ney, B.C. Water samples used for comparison with a commer-
cial LC-MS method were shipped to SGS AXYS Analytical Ltd in
Sidney, B.C. for analysis.
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Chemicals and reagents

Acetonitrile and methanol were high-performance liquid chro-
matography (HPLC) grade and were purchased from VWR
Canada (Mississauga, ON, Canada). Ammonium fluoride was
purchased from Sigma-Aldrich Canada (Oakville, ON, Canada).
Super-Q water was prepared using a Super-Q™ water isolation
system (Millipore SAS, France). Oasis HLB (60 mg, 3 mL) solid-
phase extraction cartridges were purchased from Waters
Limited (Mississauga, ON, Canada). Native standard solution of
6PPD-Q (100 pg mL™%) in acetonitrile and labelled 6PPD-
quinone (phenyl-*Cs, 99%) (**C¢-6PPD-Q) (100 pg mL™") in
acetonitrile were supplied by ACP Chemical Inc. (Montreal, QC,
Canada). A standard mixture containing 6PPD-Q at a concen-
tration of 100 ng mL ™" was prepared in 30 : 70 acetonitrile/water
(v/v). Working calibration standard solutions (0.003 to 5 ng
mL ') were obtained by diluting the appropriate amount of the
standard mixture in 30:70 acetonitrile/water (v/v) containing
BCe-6PPD-Q at 5 ng mL™~". Spiking at various concentrations
was achieved by adding different amounts of standard solution
to creek water samples.

Dilute and shoot (DnS)

For water samples collected during and after raining which may
have high 6PPD-Q concentrations (>2 ng L™ '), dilution was
carried out prior to LC-MS/MS by mixing 70 pL of water sample
with 30 pL of 16.66 ppb “Ce-6PPD-Q prepared in acetonitrile.

Solid phase extraction (SPE)

For water samples collected before raining and those water
samples collected during and after raining which have been
confirmed to have low 6PPD-Q concentrations (<2 ng L") by
DnS-LC/MS/MS, SPE was carried out prior to LC-MS/MS using
an automated SPE system (Caliper Life Science). SPE was per-
formed using Oasis HLB cartridges (60 mg, 3 mL) in which
4.9 mL of methanol and 4.9 mL of water were used to condition
sequentially prior to loading 9.6 mL of water sample containing
50 ng L™ of "*C¢-6PPD-Q. After washing with 3.0 mL of water
and drying column, compounds of interest were eluted with 2 x
2 mL of methanol and collected in a single fraction. The frac-
tions were dried using a nitrogen flow and a temperature of
40 °C. The residues were reconstituted with 100 pL of 30:70
acetonitrile/water (v/v) and stored at —20 °C until LC-MS/MS
analysis.

Liquid chromatography tandem mass spectrometry

Diluted water samples and SPE extracts were analysed by LC-
MS/MS using an Agilent 1290 Infinity II liquid chromatograph
fitted with a 2.1 x 50 mm, 1.9 um Agilent InfinityLab Poroshell
120 EC-C18 column (Agilent, Mississauga, ON) and coupled to
an API5000 triple-quadrupole tandem mass spectrometer fitted
with a Turbo IonSpray source (AB Sciex, Concord, ON, Canada).
The mobile phase consisted of ammonium fluoride in water
and acetonitrile. The LC column temperature was 40 °C and the
injection volume was 15 pL. Analyst 1.7.1 software (AB Sciex)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was used for operating the LC-MS/MS system, data acquisition
and processing.

Method validation

Performance was validated with respect to linearity, sensitivity,
precision, recovery, and freedom from matrix interferences. To
evaluate sample preparation and LC-MS/MS analysis, water
samples from various locations were processed and analysed.
The concentrations of 6PPD-Q in these samples ranged from
below the limit of detection to 1460 ng L™ ". Some samples were
also spiked with native compounds. All spiked and non-spiked
samples were prepared and analysed according to the proce-
dures described above to check for recovery of the spike and the
possibility of matrix effect.

Linearity and sensitivity. Linearity was determined using
a seven-point calibration with analyte concentrations ranging
from 0.003 to 5 ng mL~" in 30:70 acetonitrile/water (v/v). A
signal-to-noise (S/N) ratio of 10:1 was used to determine the
method limit of quantification (MLOQ) for DnS-LC-MS/MS and
SPE-LC-MS/MS.

Precision and recovery. Precision and recovery were deter-
mined using un-spiked water samples and identical samples
spiked with an appropriate amount of 6PPD-Q based upon the
concentration measured in the un-spiked sample.

Matrix effects and carryover. The peak areas of '*C¢-6PPD-Q
in samples with both DnS-LC/MS/MS and SPE-LC-MS/MS were
compared to those in calibration standards and the results were
used to determine if there was matrix effect when analyzing
samples. To determine carry-over, 6PPD-Q at 10 ng mL ™" in 30 :
70 acetonitrile/water (v/v) was analyzed by LC-MS/MS followed
immediately by injection of a 30:70 acetonitrile/water (v/v)
solvent blank, in which any residual 6PPD-Q was measured.

Blanks and contamination. 6PPD-quinone, which is derived
from the ubiquitous tire rubber component 6PPD, has been
found in air*® and house dust.*® Therefore, it is important to
minimize the contamination during sample preparation, espe-
cially when dealing with ultra-trace levels (<2 ng L™") of 6PPD-Q
in samples. Rinsing sample vials and pipette tips were investi-
gated as a means of reducing contamination during analysis.

Sample stability. 6PPD-quinone is relatively new, emerging
environmental contaminant for which few stability studies have
so far been published.® Sample storage and preservation,
including the addition of ascorbic acid, were therefore investi-
gated as part of this study.

Results and discussion
Method optimization

Liquid chromatography tandem mass spectrometry. Solu-
tions containing 6PPD-Q or “Cg-6PPD-Q were infused at 10
uL min~" via the SI source using a syringe pump to allow opti-
mization of MS/MS acquisition parameters. The main precursor
(molecular) and product (fragment) ions produced in positive
mode during MS and MS/MS were identified. The most intense
precursor-to-product ion transitions for each compound were
selected for MRM and optimized for sensitivity by adjusting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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parameters such as the declustering potential (DP), collision
energy (CE), collision cell exit potential (CXP) and entrance
potential (EP). Of the three MRM transitions selected for 6PPD-Q,
one (299 > 215) was used for measuring analyte concentration
and the others (299 > 187 and 299 > 241) to confirm the identity of
the analyte.” The MRM transitions and MS/MS acquisition
parameters for 6PPD-Q and *Cs-6PPD-Q are listed in Table S1. A
dwell time of 40 ms was used for each MRM transition.

LC-MS/MS conditions were optimized using various mobile-
phase compositions including acetonitrile/water and methanol/
water with and without the addition of formic acid and
ammonium fluoride. Of the mobile phase compositions tested,
acetonitrile and water containing 1 mM ammonium fluoride
was found to achieve best results. Optimized instrumental
conditions are shown in Table S2. The MRM chromatograms for
6PPD-Q at 50 ng L™ in standard solution and 45 ng L ™" in water
sample collected from creek, which is slightly above the 24 h
median lethal concentration (LC50) of 41 ng L™" for juvenile
coho,?® are shown in Fig. S1.

Solid phase extraction. Water samples collected from creeks
with anticipated 6PPD-Q concentrations below 2 ng L' were
subjected to automated SPE prior to LC-MS/MS. SPE procedures
were similar to those reported elsewhere“'” except that only
9.6 mL (rather than 50 or 500 mL) of sample was required for
automated SPE which reduces time, solvent and labor while
ensuring precision and accuracy for 6PPD-Q analysis. Auto-
mated SPE took about 15 min per sample and satisfactory
recoveries (80 to 95%) were achieved for spiked samples.

Dilute and shoot. 6PPD-Q has been found in soil*® and dust*®
and has been detected at relatively high concentrations (above
1000 ng L") during rain events in urban streams. Such
concentrations are amenable to analysis using dilute and shoot
(DnS), a technique that offers simplicity of analysis, minimal
loss of analyte(s), and high sample throughput. Of the 81
samples selected for this study, 51 were successfully analyzed by
DnS-LC-MS/MS with 6PPD-Q concentrations ranging from 3.5 to
1460 ng L.

Method validation

Linearity and method limits of quantification. A linear cali-
bration curve (r > 0.99) was generated by plotting the MRM
response (peak area ratio) against concentration ratio (0.003 to
5 ng mL™ ") for 6PPD-quinone. The method limits of quantifi-
cation were 1.74 ng L™ for DnS-LC-MS/MS and 0.03 ng L™ " for
SPE-LC-MS/MS which represent a significant improvement over
previously published methods, as shown in Table 1 except one
from Lane et al.’

Precision and recovery. Since certified reference materials
for 6PPD-Q in water samples were not available, precision was
estimated using duplicate samples, and recoveries were deter-
mined by comparing results obtained using spiked and un-
spiked samples. Average precision (RSD) was 5% for DnS-LC-
MS/MS and 7% for SPE-LC-MS/MS whereas average recoveries
were 96% for DnS-LC-MS/MS and 87% for SPE-LC-MS/MS.

Matrix effect and carryover. Co-elution of analyte
compounds with residual matrix components may lead to

RSC Sustainability, 2025, 3, 4811-4817 | 4813
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Table 1 Method comparison for analysis of 6PPD-quinone in water
samples

DnS-LC-MS/MS* SPE-LC-MS/MS”

MLOQ Sample
(ngL™") Ref. size (mL) MLOQ (ng L") Ref.
42.5 14 1000 Not applicable 1
24 7 500 6.6 18
250 Not applicable 11
20 13 50 9.76 2°¢
1.74 This study 11 5 17
1.33 9 500 0.1 Commercial lab
9.6 0.03 This study

“ DnS-LC-MS/MS: dilute and shoot liquid chromatography tandem
mass spectrometry. ” SPE-LC-MS/MS: solid phase extraction liquid
chromatography tandem mass spectrometry. © Ultra-high pressure
liquid chromatography with high resolution mass spectrometry was
used.

suppression or apparent enhancement of the detected analyte
signal. To investigate such matrix effects, the peak area for *Cq-
6PPD-Q in samples spiked with this compound at 2 ng mL "
was determined for both DnS-LC/MS/MS and SPE-LC-MS/MS. A
difference in peak area of about 10% was observed between
calibration standards and spiked water samples analysed using
DnS, suggesting that matrix effects for DnS-LC/MS/MS are
relatively small. In contrast, Kryuchkov et al.’” reported strong
ion suppression during SPE-LC-MS/MS analysis of 6PPD-Q in
water samples collected from tunnel-wash runoff, although this
was attributed to the relatively high concentration of detergents
present in the water. We observed differences of up to 50%
between standard and sample peak areas when using SPE-LC-
MS/MS, which is consistent with the proportionally greater
impact of matrix effects on lower 6PPD-Q concentrations that
require preconcentration by SPE, compared with the higher
6PPD-Q concentrations amenable to DnS. Calibration curves
obtained for deionized (Super-Q) water and creek water were
used to evaluate matrix effects. Using '*C¢-6PPD-Q as an
internal standard, linear calibration curves with 1/x* weighting
were generated for both DnS-LC-MS/MS and SPE-LC/MS/MS.
Calibrations obtained using standards prepared in 30:70
acetonitrile/Super-Q water (v/v) and 30:70 acetonitrile/creek
water (v/v) has similar slopes (Table S3). However, differences
in the intercept values are consistent with matrix effects and the
presence of 6PPD-Q in the original creek water sample. These
observations illustrate the importance of using isotopically
labelled standards to account for matrix effects during sample
preparation and analysis. No carryover was observed at 6PPD-Q
concentrations up to 10000 ng L™ which is about 6 times
higher than the highest concentration (1460 ng L) measured
in our samples.

Blanks and contamination control. During initial studies we
detected background levels of 6PPD-Q consistent with previous
reports that 6PPD-Q can be found in air and house dust.***
Rinsing sample vials and pipette tips with water, methanol and
acetonitrile were found to be effective in minimizing sample
contamination during analysis.

4814 | RSC Sustainability, 2025, 3, 4811-4817
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Sample stability

Three concentrations of 6PPD-Q (~0.5, 5 and 50 pg L") were
spiked into well water samples collected at the Fisheries and
Oceans Canada (DFO) Pacific Science Enterprise Centre (PSEC)
in West Vancouver, British Columbia and held at room
temperature to investigate the stability of natural water samples
with and without addition of ascorbic acid. The results, pre-
sented in Table 2, show that 6PPD-Q remained relatively stable
in the absence of ascorbic acid with losses occurring in
proportion to initial 6PPD-Q concentration (i.e. 19, 21 and 34%,
respectively, over 14 days) whereas the presence of ascorbic acid
appeared to promote loss of 6PPD-Q from PSEC well water
samples (pH 5-6).

Our findings are at odds with those of Hiki et al.** who
observed that the concentration of spiked 6PPD-Q in dechlori-
nated tap water (pH 8) stored at 23 °C decreased from 68 to 4 pug
L' after 5 days, although this may be due to differences in pH
and/or other water properties between the two studies. We have
also observed loss of spiked '*C¢-6PPD-Q and 6PPD-Q in some
tap water samples we have analysed. Di et al.?® reported that the
half-life of 6PPD-quinone spiked at ~400 pg L' in river water
(12.8 days) was significantly shorter than in pure water at pH 4
(15.5 days), pH 7 (15.2 days) and pH 9 (14.6 days), implying that
6PPD-Q is more stable in aqueous samples of lower pH and
higher purity. It is worth noting that the 6PPD-Q concentrations
investigated by Hiki et al. and Di et al. exceeded the experi-
mental solubility of 6PPD-Q in water (67 + 5 pug L") at 23 °C+2*
whereas the 6PPD-Q concentrations that we measured in
samples collected from several creeks ranged from below the
method limit of detection to 1460 ng L * (i.e. 1.46 ug L™ ). These
creek samples, which contained 6PPD-Q at concentrations well
below the limit of solubility, appeared to be stable for several
days at room temperature and during long-term refrigerated
storage. These observations are consistent with results reported
by Lane et al. concerning the stability of 6PPD-Q in surface water
under varying storage conditions.’

Method comparison

Since no reference describing the use of both DnS-LC-MS/MS
and SPE-LC-MS/MS for the analysis of 6PPD-Q in water
samples was available, we compared our 6PPD-Q method with
those used previously for toxicity studies*">** and environ-
mental applications involving analysis of runoff and surface
water, stormwater, snow and snowmelt, river and municipal
waste water”*'*" in terms of method limit of quantification
(MLOQ) and volume of sample required for MS/MS analysis.
Our MLOQ for DnS-LC-MS/MS (1.74 ng L") was 11 to 24 times

Table 2 6PPD-Q (ug L™1) in well water stored at room temperature
with and without the addition of ascorbic acid (AA)

Time With AA  NOAA WithAA NOAA WithAA NO AA
Day 0 0.53 0.57 5 4.8 46 46
Day 12 0.15 0.53 0.99 4.46 9.79 31.2
Day 14  0.08 0.46 0.72 3.78 7.51 30.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lower than for other published methods (Table 1) with the
exception of Lane et al.® who were able to achieve a similar
MLOQ (1.33 ng L") using a more sensitive MS/MS instrument
(Sciex API5500) than ours (Sciex API5000). Our MLOQ for SPE-
LC-MS/MS was 3 to 325 times lower than those from other
published methods (Table 1). These large differences in sensi-
tivity may be due, at least in part, to our use of a relatively large
injection volume injection (15 uL) compared to those typically
used for DnS-LC-MS/MS (1 pL) and SPE-LC/MS/MS (5 pL) as well
as the choice of analytical instrumentation, LC column, mobile
phase composition (including the use of ammonium fluoride),
and solvents used to dilute and reconstitute samples. As
a result, our method was able to achieve good results with
smaller volumes of sample (9.6 mL) than those typically used for
SPE-LC-MS/MS analysis of 6PPD-Q (e.g. 50 mL for Johannessen
et al.,> 250 mL for EPA Draft Method 1634," and 500 mL for the
commercial laboratory method). Such comparisons may be
helpful in planning MS/MS analysis of 6PPD-Q in water samples
based upon the available instrumentation, sample size, and the
analytical sensitivity required.

Results comparison

Results obtained by DnS-LC-MS/MS analysis of 51 water
samples containing greater than 2 ng L™ " 6PPD-Q and SPE-LC-
MS/MS analysis of 30 water samples containing less than
2 ng L' 6PPD-Q were compared with those obtained for all 81
samples by a commercial laboratory (SGS AXYS Analytical Ltd,
Sidney, BC, Canada.) using 500 mL of sample for SPE-LC-MS/
MS. The results obtained by the commercial laboratory agreed
well with those obtained using our method, a strong linear
correlation (r* = 0.982) being observed between the two sets of
results (Fig. S2). We also analysed some of the water samples
containing greater than 2 ng L™' 6PPD-Q using both DnS-LC-
MS/MS and SPE-LC-MS/MS and found that the concentrations
measured in each sample using the two methods agreed well
with each other.

Environmental impact on greenness

As well as providing greater sensitivity for high-throughput
analysis of 6PPD-Q in creek waters, our method supports the
environment by reducing solvent consumption and the
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associated generation of waste through (i) the adoption of DnS-
LC-MS/MS analysis first for samples collected during raining
and after raining which may contain 6PPD-Q at concentrations
greater than 2 ng L, and (ii) the use of smaller volumes (9.6
mL) for SPE-LC-MS/MS analysis of samples collected from
before raining and those water samples collected during and
after raining which have been confirmed to have low 6PPD-Q
concentrations (<2 ng L™") by DnS-LC/MS/MS. For example,
this strategy reduced the amount of solvent required to analyse
81 creek samples by up to 99%, and the amount of required
sample storage space by up to 90%, as a result of being able to
use DnS for the 51 samples containing >2 ng L' 6PPD-Q and
9.6 mL (rather than 50 or 500 mL) of sample for SPE of the
remaining 30 samples, with a corresponding reduction of up to
99% in the amount of solvent waste generated (Table 3). The
requirement for less sample enables the use of smaller (e.g. 50
mL) rather than larger (e.g. 250 mL or 500 mL) amber bottles to
collect creek or other natural water samples for analysis,
reducing storage space as well as material and transportation
costs. In addition, running all samples collected during and
after raining events by DnS-LC-MS/MS can quickly identify
those that require SPE-LC-MS/MS, thereby minimizing the
overall time and cost of analysis.

Sample analysis

In accordance with EPA Draft Method 1634, creek water
samples were not filtered prior to analysis. However, it is
generally accepted that only the freely dissolved fraction of
6PPD-Q is bioavailable and able to elicit toxicological effects.
While most creek water samples only contained small amounts
of particulate matter that were found to contain less than 10%
of the total 6PPD-Q in these samples (Table S4), this increased
to about 20% for samples containing larger amounts of
particulate matter (i.e., runoff water). Depending on sample
type and objective of the study (i.e., comparison with toxicity
thresholds versus overall mass loading estimations), it may or
may not be necessary to filter the samples prior to analysis.
Following optimization and validation the method was
applied to the detection and quantification of 6PPD-Q in 160
creek water samples, as well as over 250 water samples prepared
as part of a holding study in Pacific Sciences Enterprise Centre,

Table 3 Solvents consumed and waste generated when using our method and a commercial lab for 6PPD-Q analysis

Our method

Commercial laboratory

DnS-LC-MS/MS*

SPE-LC-MS/MS”? SPE-LC-MS/MS”

Number of samples 51
Solvent used (mL) 15.3
Water used (mL) 51
Total solvent used (mL) 276.3
Total waste generated (mL) 909.3
Solvent saved (%) 99
Waste reduced (%) 99

30 81
261 36936
582 40500

36936
77 436

% DnS-LC-MS/MS: dilute and shoot liquid chromatography tandem mass spectrometry. ° SPE-LC-MS/MS: solid phase extraction liquid

chromatography tandem mass spectrometry.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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West Vancouver, British Columbia. The concentration of 6PPD-
Q in creek water samples ranged from below the MLOQ of
0.003 ng L' to 1460 ng L™ ', a dynamic range spanning 5 orders
of magnitude. A representative MRM chromatogram for a creek
water sample containing 45 ng L~ " 6PPD-Q is shown in Fig. S1.

Conclusions

A new and improved method for rapid monitoring of 6PPD-Q in
creek waters has been developed, and an environmental
strategy to analyse the samples was employed in order to reduce
solvent consumption and waste generated. Quantification of
6PPD-Q in creek water samples at concentrations ranging from
less than 2 ng L' to over 1400 ng L™ " has been demonstrated.
Limits of quantification are significantly lower than those ach-
ieved using other methods, allowing smaller volumes of sample
and solvent to be used and reducing the environmental impact
of the method. The use of both direct sample introduction and
solid-phase extraction in combination with liquid chromatog-
raphy and tandem mass spectrometry provides a dynamic range
spanning 5 orders of magnitude, making it possible to deter-
mine both the earliest onset and the maximum levels of expo-
sure to 6PPD-Q for salmon and other aquatic organisms during
rainfall and other events, while reducing solvent consumption
and waste production during analysis.

Author contributions

X. Liao.: conceptualization, data curation, methodology, formal
analysis, visualization, writing. A. R. S. Ross.: conceptualization,
manuscript review. T. M. Brown.. funding acquisition,
resources, conceptualization, manuscript review.

Data availability

The data supporting this article have been included as part of
the SI. See DOL: https://doi.org/10.1039/d5su00170f.

Conflicts of interest

The authors declare no competing interests.

Acknowledgements

We would like to thank Sofya Reger, Carys Gallilee, sharing the
results from the commercial lab, and for providing the water
samples collected from Pacific Sciences Enterprise Centre that
were used for method development and validation. This
research was supported by funding from the Government of
Canada's Whales Initiative and Pacific Salmon Strategy
Initiative.

References

1 Z. Tian, H. Zhao, K. T. Peter, M. Gonzalez, J. Wetzel, C. Wu,
X. Hu, J. Prat, E. Mudrock, R. Hettinger, A. E. Cortina,
R. G. Biswas, F. V. C. Kock, R. Soong, A. Jenne, B. Du,

4816 | RSC Sustainability, 2025, 3, 4811-4817

View Article Online

Paper

F. Hou, H. He, R. Lundeen, A. Gilbreath, R. Sutton,
N. L. Scholz, J. W. Davis, M. C. Dodd, A. Simpson,
J. K. McIntyre and E. P. Kolodziej, Science, 2021, 371, 185-
189.

2 C. Johannessen, P. Helm, B. Lashuk, V. Yargeau and
C. D. Metcalfe, Arch. Environ. Contam. Toxicol., 2022, 82,
171-179.

3 B. P. Lo, V. L. Marlatt, X. Liao, S. Reger, C. Gallilee,
A. R. S. Ross and T. M. Brown, Environ. Toxicol. Chem.,
2023, 42, 815-822.

4 Z.Y. Tian, M. Gonzalez, C. A. Rideout, H. N. Zhao, X. M. Hu,
J. Wetzel, E. Mudrock, C. A. James, J. K. McIntyre and
E. P. Kolodziej, Environ. Sci. Technol. Lett., 2022, 9, 140-146.

5 X. Chen, T. He, X. Yang, Y. Gan, X. Qing, J. Wang and
Y. Huang, J. Hazard. Mater., 2023, 452, 131245.

6 G.D. Cao, J. Zhang, W. Wang, P. F. Wu, Y. Ru and Z. W. Cai,
Trac-Trend Anal Chem, 2022, p.157.

7 ]J. Monaghan, A. Jaeger, A. R. Agua, R. S. Stanton, M. Pirrung,
C. G. Gill and E. T. Krogh, Environ. Sci. Technol. Lett., 2021, 8,
1051-1056.

8 J. Monaghan, A. Jaeger, J. K. Jai, H. Tomlin, J. Atkinson,
T. M. Brown, C. G. Gill and E. T. Krogh, ACS ES&T Water,
2023, 3, 3293-3304.

9 R. F. Lane, K. L. Smalling, P. M. Bradley, J. B. Greer,
S. E. Gordon, J. D. Hansen, D. W. Kolpin, A. R. Spanjer and
J. R. Masoner, Chemosphere, 2024, 363, 142830.

10 K. Bohara, A. Timilsina, K. Adhikari, A. Kafle, S. Basyal,
P. Joshi and A. K. Yadav, Environ. Pollut., 2024, 340,
122828-122835.

11 U. S. E. P. Agency, DRAFT Method 1634, Determination of
6PPD-Quinone in  Aqueous Matrices Using  Liquid
Chromatography with Tandem Mass Spectrometry (LC/MS/
MS), accessed 7/31, 2025.

12 M. Brinkmann, D. Montgomery, S. Selinger, J. G. P. Miller,
E. Stock, A. ]J. Alcaraz, ]J. K. Challis, L. Weber, D. Janz,
M. Hecker and S. Wiseman, Environ. Sci. Technol. Lett.,
2022, 9, 333-338.

13 A. Foldvik, F. Kryuchkov, R. Sandodden and S. Uhlig,
Environ. Toxicol. Chem., 2022, 41, 3041-3045.

14 K. Hiki, K. Asahina, K. Kato, T. Yamagishi, R. Omagari,
Y. Iwasaki, H. Watanabe and H. Yamamoto, Environ. Sci.
Technol. Lett., 2021, 8, 779-784.

15 K. Hiki and H. Yamamoto, Environ. Sci. Technol. Lett., 2022,
9, 1050-1055.

16 G. D. Cao, W. Wang, J. Zhang, P. F. Wu, X. C. Zhao, Z. Yang,
D. Hu and Z. W. Cai, Environ. Sci. Technol., 2022, 56, 4142—
4150.

17 F. Kryuchkov, A. Foldvik, R. Sandodden and S. Uhlig,
Frontiers in Environmental Chemistry, 2023, 4, DOI: 10.3389/
fenvc.2023.1194664.

18 J. K. Challis, H. Popick, S. Prajapati, P. Harder, J. P. Giesy,
K. McPhedran and M. Brinkmann, Environ. Sci. Technol.
Lett., 2021, 8, 961-967.

19 B. Seiwert, M. Nihemaiti, M. Troussier, S. Weyrauch and
T. Reemtsma, Water Res., 2022, 212, 118122-118129.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5su00170f
https://doi.org/10.3389/fenvc.2023.1194664
https://doi.org/10.3389/fenvc.2023.1194664
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00170f

Open Access Article. Published on 25 2025. Downloaded on 21-02-2026 02:19:56.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

20 W. Huang, Y. M. Shi, J. L. Huang, C. L. Deng, S. Q. Tang,
X. T. Liu and D. Chen, Environ. Sci. Technol. Lett., 2021, 8,
381-385.

21 K. Hiki and H. Yamamoto, Environ. Pollut., 2022, 302,
119082.

22 W. Wang, G. Cao, J. Zhang, P. Wu, Y. Chen, Z. Chen, Z. Qi,
R. Li, C. Dong and Z. Cai, Environ. Sci. Technol., 2022, 56,
10629-10637.

23 Y. H. Zhang, C. H. Xu, W. F. Zhang, Z. H. Qi, Y. Y. Song,
L. Zhu, C. Dong, J. M. Chen and Z. W. Cai, Environ. Sci.
Technol., 2022, 56, 6914-6921.

24 B. B. Du, B. W. Liang, Y. Li, M. J. Shen, L. Y. Liu and
L. X. Zeng, Environ. Sci. Technol. Lett., 2022, 9, 1056-1062.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

25 H. Mahoney, F. C. D. Junior, C. Roberts, M. Schultz, X. W. Ji,
A. ]J. Alcaraz, D. Montgomery, S. Selinger, J. K. Challis,
J. P. Giesy, L. Weber, D. Janz, S. Wiseman, M. Hecker and
M. Brinkmann, Environ. Sci. Technol. Lett., 2022, 9, 765-771.

26 L. Y. Fang, C. L. Fang, S. S. Di, Y. D. Yu, C. H. Wang,
X. Q. Wang and Y. X. Jin, Sci. Total Environ., 2023, 869,
161836-161846.

27 J. W.Ji, C. S. Li, B. J. Zhang, W. J. Wu, ]J. L. Wang, J. H. Zhu,
D. S. Liu, R. M. Gao, Y. Q. Ma, S. Pang and X. F. Li, Food
Chem., 2022, 396, 133640-133645.

28 S. Di, Z. Liu, H. Zhao, Y. Li, P. Qi, Z. Wang, H. Xu, Y. Jin and
X. Wang, Environ. Int., 2022, 166, 107374.

RSC Sustainability, 2025, 3, 4811-4817 | 4817


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00170f

	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry

	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry

	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry
	An environmentally sensitive method for rapid monitoring of 6PPD-quinone in aqueous samples using solid phase extraction and direct sample introduction with liquid chromatography and tandem mass spectrometry


