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Comparing non-targeted chemical persistence
assessed using an unspiked OECD 309 test to ﬁeld
measurements†
Zhe Li

* and Michael S. McLachlan

Previous research has shown that unspiked OECD 309 tests can be used to quantify chemical
biodegradation in surface waters, relying on chemical residues already present in the water. Here we test
the hypothesis that unspiked OECD 309 tests can quantitatively predict chemical persistence in the
environment by comparing chemical half-lives assessed in the laboratory against those measured in the
ﬁeld. The study object was a Swedish lake heavily impacted by treated municipal wastewater. Half-lives
in the ﬁeld were measured by mass balance over 12 weeks. In parallel, half-lives in the lab were
determined with an unspiked OECD 309 test run for 60 days. Chemical analysis was conducted using
a non-target screening approach. The ﬁeld study yielded a half-life <100 days for 38 chemicals for which
the dominant source was wastewater; 32 of these were also detected in the lab test, whereby 18 had
half-lives with a well-constrained uncertainty that did not intersect inﬁnity. For 14 of the 18 chemicals,
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the ﬁeld and lab half-lives agreed within a factor 3. In summary, the lab test predicted chemical
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attenuation in the ﬁeld well. Limitations of the approach include the need for measurable chemical
concentrations in the water body and failure to account for some attenuation mechanisms like
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phototransformation.

Environmental signicance
Biodegradation is a signicant removal pathway for many environmental organic contaminants and therefore a major determinant of chemical persistence.
Previously it was demonstrated that chemical degradation kinetics can be measured using a combined unspiked OECD 309 test and non-target screening
approach, and that such a test circumvents the artifacts in the standard OECD 309 test caused by adaptation of the microbial population to the chemicals spiked.
The current work goes on to show that degradation kinetics measured with the unspiked test agree well with degradation kinetics measured in the eld, based
on a case study in a Swedish lake. This further supports the hypothesis that unspiked bottle tests can provide environmentally relevant estimates of biodegradation half-lives.

1. Introduction
Biodegradation is an important removal pathway for many
environmental organic contaminants. It can thus be a major
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† Electronic supplementary information (ESI) available: Map of study site and
sampling locations; non-target screening workow parameters in Compound
Discoverer; discharge rates of Sundet WWTP eﬄuent and ow rates of Norra
Bergundasjön during May 29 to August 20, 2017; meteorological data (air
temperature, precipitation, and global radiation); matrix eﬀect correction
calculation; matrix eﬀect temporal trend during the sampling period; mass ow
of identied chemicals from Södra Bergundasjön (inow), Sundet WWTP
(eﬄuent), and Norra Bergundasjön (outow), and the percentage contribution
of the inowing water to the total chemical ow into the lake; half-lives of the
detected chemicals in the lab and the eld; degradation kinetics of the 14
chemicals for which the uncertainty in half-life was very large or the calculated
half-life condence intervals intersected innity. The peak areas measured in
the eld study are provided in a separate le. See DOI: 10.1039/c9em00595a
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determinant of both chemical persistence and chemical
exposure. Guidelines for chemical hazard assessment in many
regional and global regulations, such as the European chemicals regulation REACH, set thresholds for persistence in
environmental compartments (e.g., degradation half-life in
water) that need to be quantitatively evaluated.1 To assess
chemical exposure, quantitative estimates of degradation halflives are also required for environmental media that inuence
the exposure of target organisms.2,3 Field measurements can
generate environmentally relevant degradation half-lives that
could fulll both of these needs. However, eld measurements
of degradation half-lives are diﬃcult and expensive to
perform, and consequently rare. Also, degradation in the
environment varies in space and time, so that several eld
measurements may be necessary to obtain a representative
measure. For these reasons, standardized laboratory tests have
been developed to measure chemical degradation under
controlled conditions.4
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Standardized laboratory tests to measure biodegradation
have largely been developed for assessing persistence. Test
conditions are standardized and oen diﬀer from conditions
commonly encountered in the environment. Simulation tests
that better capture the complexity of the natural environment
are frequently more complicated to run, and this has led to
tiered testing approaches in which more complex and realistic
tests are only employed aer more simple tests have indicated
that the degradation process is relevant for persistence or
exposure assessment of the chemical of interest. An underlying
assumption in this testing approach is that higher tiered tests
produce degradation rates that are relevant for the eld.
A higher tiered test for aerobic biodegradation of chemicals
in surface waters is the OECD 309 guideline.5 In this test
chemical attenuation is measured in aerobic natural waters
spiked with test chemicals and incubated in open bottles in the
laboratory. Important factors contributing to the environmental
relevance of this test are the use of natural water and the
possibility to incubate at eld temperature. However, there are
still clear weaknesses associated with the test, with one being
that the test chemicals are spiked into the system, oen dissolved in an organic solvent.6 In a comparison of spiked and
unspiked OECD 309 test bottles using the same surface water,
we showed that spiking natural aquatic systems with test
chemicals can strongly inuence biodegradation measurements. This eﬀect is most likely due to the adaptation of
microbial organisms.7,8 The same study demonstrated that it is
possible to measure degradation kinetics in the OECD 309 test
without spiking, relying instead on the chemical residues
present in the surface water studied.
The current study was designed to further evaluate the
environmental relevance of the unspiked OECD 309 test by
comparing it with biodegradation rates measured directly in the
eld using a traditional mass balance approach. To this end, we
selected a previously characterized Swedish lake that is the
recipient for a wastewater treatment plant (WWTP) and has
a water residence time of several months. For measuring
chemical persistence in the eld, the WWTP eﬄuent discharged
to the lake as well as surface water samples of the lake inow
and outow were collected over a period of 12 weeks. For
assessing chemical biodegradation in the laboratory, an
unspiked OECD 309 test was carried out in duplicate using lake
water and WWTP eﬄuent collected at the end of the eld
sampling period. The data were processed using a non-target
approach. Biodegradation half-lives of organic contaminants
detected both in the lab test and in the eld were calculated and
contrasted.

2.

Materials and methods

2.1. Chemicals and reagents
All chemicals (purity > 98%) were purchased from SigmaAldrich (Steinheim, Germany) or Toronto Research Chemicals
Inc. (North York, Canada) and were stored under recommended
conditions until use. D- or 13C-labeled chemicals were
purchased from Toronto Research Chemicals Inc. and CDN
Isotopes (Pointe-Claire Quebec, Canada). LC/MS-grade formic
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acid was purchased from Sigma-Aldrich. LC/MS-grade acetonitrile and methanol were purchased from VWR (Stockholm,
Sweden). Milli-Q water was produced by using a Milli-Q Integral
Water Purication System (Merck Millipore, Stockholm, Sweden). All standard stock solutions were prepared in methanol
and stored in the dark at 20  C.
2.2. Field measurements
The study site (Fig. S1†), a lake called Norra Bergundasjön in
southern Sweden, has been relatively well characterized previously by Zou et al. (2015a) and has been shown to provide good
conditions for contaminant mass balance studies and have
relatively
homogenous
contaminant
levels.9
Norra
Bergundasjön has an average depth of 3.3 m, a surface area of
2.2 km2, receives inow from Lake Södra Bergundasjön and
eﬄuent from the local municipal WWTP, Sundet WWTP. The
only signicant outow is via a stream on the western shore.
The ratio of wastewater discharge to freshwater inow during
our study ranged from 1 : 1 to 1 : 3 (Fig. S2†). As this lake is
continuously exposed to treated WWTP eﬄuent, it likely is well
adapted to contaminants present in the eﬄuent.
Water was collected from the eﬄuent channel of the Sundet
WWTP (hereaer called eﬄuent), from Södra Bergundasjön
close to the inlet to Norra Bergundasjön (inow), and from the
stream draining Norra Bergundasjön (outow) (Fig. S1†). For
inow and outow, 500 mL grab samples were collected once
per week for 12 consecutive weeks during the period of May 29
to August 20, 2017. Eﬄuent water was collected using a permanently installed ow-proportional sampling system at the
WWTP. The sampling system cooled the eﬄuent to 2  C, and
every 24 h eﬄuent was transferred from the sampler to an HDPE
container, which was stored frozen. Aer 7 days, aliquots of
each daily sample were combined to give a 500 mL weekly owproportional sample. All samples were stored frozen in HDPE
bottles until analysis, including during transportation to
Stockholm University.
2.3. Unspiked OECD 309 test
Lake water from Norra Bergundasjön and inowing water from
Södra Bergundasjön were collected from 10 cm below the
surface at the end of the eld sampling period on August 23,
2017. The temperature of the lake water at the time of sampling
was 17  C. The solids content was 32 mg L1, a reection of the
large algae population supported by the hypertrophic conditions. Fresh eﬄuent was collected on the same day from the
WWTP. The water was stored in HDPE bottles with ample head
space at 5  C in the dark until the experiments started.
Biodegradation experiments were conducted using two test
systems: natural lake water and mixture lake water that was
prepared by mixing inowing lake water with the WWTP
eﬄuent discharging to the lake (80 : 20, v/v). The mixture lake
water was used to increase the likelihood of detecting
a substantial number of organic contaminants, with the
potential disadvantage that it contained a diﬀerent microbial
community. Duplicated incubations were conducted, each
consisting of 400 mL of water in a 500 mL glass bottle. The
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experiments were started within one day of sampling the water.
Incubation conditions followed the standard OECD 309
protocol, lasting for a period of 60 days at 20  1  C in the dark.
All bottles were loosely covered with cotton wool to minimize
the risk of contamination while maintaining an aerobic environment in the water. Magnetic stirrers were used to maintain
well-mixed conditions. Water samples (4 mL) were collected in
triplicate from each bottle at 11 time points (on day 0, 1, 2, 4, 7,
10, 15, 21, 28, 42, and 60), frozen immediately, and stored at
20  C until analysis. Dissolved oxygen was measured at each
time point and always exceeded 91%.

2.4. Analysis
Prior to analysis, an aliquot of 1 mL was taken from each
sample. A mixture of 32 isotope-labeled standards (Table S1†)
was added to each sample before it was vortexed and ltered
directly into a glass LC-vial using a 0.2 mm PTFE syringe lter.
All samples were analyzed with ultrahigh performance liquid
chromatography coupled to a Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ mass spectrometer (UHPLC-Orbitrap-MS/
MS, Thermo Fisher Scientic, San Jose, USA) using

k¼

the detection of a compound. The value was chosen based on
the previously explored non-target limit of detection of more
than 40 chemicals.

2.6. Calculation
Peak areas were used for all calculations. The dissipation halflife, t1/2 (d1), of a chemical in the lab test was determined by
tting rst-order dissipation kinetics to the peak areas
measured over the incubation period. All measurements below
the cutoﬀ threshold were removed. Regressions were performed
independently for each incubation bottle using the natural
logarithm of peak areas normalized to the starting peak area.
Regressions were rejected when there were fewer than three
data points above the detection limit. Analysis of covariance
(ANCOVA) was performed at a 95% condence level for each
chemical to test for diﬀerences between replicated bottles or
between natural lake water and mixture lake water tests.
The chemical half-life in the lake was calculated from the
rst-order rate constant for transformation of the test chemical
in the lake, k (d1), which was determined by mass balance9
using the equation:

X
X
 X


ðAW  GW Þ þ VW  AW;tend  AW;tstart
ðAIn  GIn Þ þ
AEff  GEff 
AW  VW  ðtend  tstart Þ

electrospray ionization (ESI). All samples were injected twice,
once each under ESI positive mode and ESI negative mode. The
injection volume was 100 mL. Separation was achieved on
a Hypersil GOLD™ a Q C18 polar-endcapped column (2.1 mm
 100 mm; particle size of 1.9 mm; Thermo Fisher Scientic, San
Jose, USA) with a binary mobile phase gradient consisting of (A)
water and (B) acetonitrile, both containing 0.1% formic acid.
The gradient was linearly ramped from 95% A to 95% B over
10.0 min, maintained for 2.0 min, then linearly ramped back to
95% A within 0.1 min and maintained for another 1.9 min.
Throughout the whole separation, the ow rate was 0.4
mL min1, the sampler compartment temperature was 10  C,
and the column temperature was 40  C.
Mass accuracy of the high-resolution Orbitrap-MS/MS was
calibrated regularly in both ESI positive and negative modes.
Full MS was operated with a resolution of 120 000 with a scan
range of 80 to 1000 m/z. Data-dependent MS/MS (dd-MS2) was
operated with a resolution of 15 000; the top 5 precursor ions
were selected for acquiring the MS/MS prole spectrum.
2.5. Non-target data processing workow
All high-resolution MS data were processed using Compound
Discoverer 3.0 following the workow from Li et al. (2018),10
consisting of peak picking, retention time alignment, unknown
detection, isotope/adduct peak grouping, compound grouping,
blank subtraction, and library searching using the online
database mzCloud. Relevant parameters are provided in the
ESI.† A peak area of 1000 was used as the cutoﬀ threshold for
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(1)

where AIn, AEﬀ, and AW are the peak areas of the chemical
detected in inow water, WWTP eﬄuent, and outow water,
respectively (surrogates for concentration, mol m3); GIn, GEﬀ,
and GW are the volume of the inowing water, the eﬄuent from
the WWTP, and the water leaving the lake for each week,
P
respectively (m3);
indicates summation of the terms for each
week over the 12 week sampling period; tstart and tend are the
time point of the start and end of the 12 week sampling period
(d); and VW is the volume of water in the lake (m3), which is
assumed to be constant. More details of the assumptions
underlying the model are provided in the ESI.† For some
chemicals there was a pronounced decreasing trend in AW,
primarily during the early part of the sampling period. In these
cases, the mass balance was conducted only during the last 6
weeks of the sampling period to obtain an estimate of t1/2 that
was more comparable with the laboratory test. This mass
balance model is applicable when only water advection and
degradation are relevant removal processes for the contaminant. To ensure that this condition was fullled, physical
chemical properties were scrutinized for the identied chemicals and only those chemicals were retained for which log KAW
< 0 (this excluded chemicals for which volatilization could be
a relevant removal process) and log DOW < 5 (this excluded
chemicals for which sediment burial could be a relevant
removal process). Uncertainty in the half-life was assessed via
error propagation using the variance in the concentrations
measured in eﬄuent, inowing water, and outowing water.
This will overestimate uncertainty in some cases since it
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assumes that all variability in AW is random when assessing
uncertainty in the (AW,tend  AW,tstart) term. This uncertainty
estimate does not include error arising from the model
assumptions.
Peak areas were used as surrogates for concentrations for all
calculations since the determination of t1/2 was based on relative concentration and not absolute concentration. The relationship between peak area and concentration can be
inuenced by matrix eﬀects. The inuence of matrix eﬀect on
the t1/2 calculated from the lab test was expected to be
neglectable due to the fact that matrix was anticipated to
remain the same in each bottle throughout the incubation
period. For eld measurements, matrix eﬀects were evaluated
by using the mixture of 32 isotope-labeled standards (Table S1†)
that was spiked in all the eﬄuent, lake inow, and lake outow
water samples. The matrix eﬀect was then assessed for each
standard by calculating the ratio of the standard's peak
response between outow and eﬄuent, and between outow
and inow.

3.

Results and discussion

3.1. Non-target screening workow performance evaluation
The validity and reliability of the non-target screening workow
has been demonstrated previously in a study where all spiked
standards (42 native and 40 isotope-labeled organic contaminants) were unambiguously identied, supported by the retention time and MS/MS spectra matching with the corresponding
reference standards.10 The performance of the workow within
the context of the present study was further evaluated by testing
for the identication of 12 pharmaceuticals (acesulfame, atenolol, caﬀeine, carbamazepine, gabapentin, hydrochlorothiazide, metoprolol, oxazepam, paracetamol, tramadol, valsartan,
and venlafaxine) used for separate spiked bottle tests conducted
in parallel.6 The false negative identication number was zero;
all 12 chemicals were identied in both of the duplicated
bottles. The dissipation kinetics calculated using the peak areas
also agreed well with the dissipation kinetics obtained from
concentrations determined using targeted analytical
approaches. Given the high identication condence, the nontarget screening workow is considered applicable and
adequate for the purposes of this study.
3.2. Matrix eﬀects
Matrix eﬀects have no inuence on t1/2 as long as they are the
same in all matrices, but they may have an impact if they are
diﬀerent across matrices. Therefore, we explored how matrix
eﬀects would inuence the calculation of t1/2 from the eld
measurements. Matrix eﬀects were evaluated by comparing the
peak areas of the internal standards, which were present at the
same concentration in all samples analyzed. A previous study
has shown that our analytical method gives similar matrix
eﬀects between WWTP inuent and WWTP eﬄuent for a large
number of organic contaminants, i.e. the inuent : eﬄuent
peak area ratios were close to 1.10 As shown in Fig. 1, the median
outow : inow peak area ratios were 1.0  0.10 for all the
Environ. Sci.: Processes Impacts
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selected isotope-labeled standards except for glimepiride-d5
(1.2), indicating that there was also no signicant diﬀerence in
the matrix eﬀects for a wide range of analytes between Södra
Bergundasjön (inow) and Norra Bergundasjön (outow) lake
water. However, the outow : eﬄuent ratios diﬀered markedly
from 1.0, ranging from 1.1 for bicalutamide-d4 to 1.8 for ketoprofen–13C-d3. This indicates that ionization is generally suppressed in the eﬄuent matrix compared to lake water. As
a consequence, a matrix eﬀect correction was applied. For those
analytes for which there was an isotope-labeled standard the
median outow : eﬄuent ratio for the isotope-labeled standard
was used. For the analytes for which there was no isotopelabeled standard the median outow : eﬄuent ratio for all of
the isotope-labeled standards was used and error propagation
was performed to account for the inuence of the matrix eﬀect
correction on the uncertainty in t1/2 (see Table S1†).
3.3. Chemicals identied in eld measurements
In the eld experiment, 90 chemicals were identied in surface
water using the online database mzCloud with a matching score
of >75 and a peak area above the threshold of 1000 in either
inow or outow. Of these, Level I identication condence was
achieved for 22 chemicals using reference standards and Level
II was achieved for the remaining 68.11 The substances included
natural products, pharmaceuticals, personal care products, and
industrial chemicals (see Table S2 in the ESI†). Most of them
have been previously reported in Swedish surface waters.12–17
Good agreement was found between this study and Zou et al.
(2015a), who studied wastewater contaminants in the same
lake. Of the 12 chemicals in that study, seven were unequivocally identied here (acesulfame, carbamazepine, climbazole,
uconazole, furosemide, hydrochlorothiazide, and sulfamethoxazole).9 This is particularly notable given that Zou et al.
employed a highly selective targeted analytical approach where
lake water was pre-concentrated by a factor of 500, while a direct
injection approach was employed in this study.
3.4. Chemical persistence in the eld
In applying eqn (1), the water ows were taken from a hydraulic
model that utilizes the natural water ows modeled by Swedish
Meteorological and Hydrological Institute (SMHI), measured
eﬄuent discharge from the WWTP, and water transfers within
the watershed. Ten chemicals showed a marked decrease in
concentration in Norra Bergundasjön, primarily during the
early part of the sampling period, and two of these (acesulfame
and amphetamine) showed a decreasing time trend in eﬄuent.
Otherwise, no pronounced time trends in concentrations were
observed (the peak areas for AIn, AEﬀ, and AW for each week are
provided as a separate excel le in the ESI†).
Out of the 90 chemicals identied in surface water, 44
chemicals had a quantied half-life of <100 d. One chemical,
sedanolide, was discarded due to its unreliable detection in lake
water samples. All of the remaining 43 chemicals (see Table 1)
fullled the physical–chemical property criteria for application
of eqn (1). The half-lives of the 43 chemicals ranged from <10
d
for
11
chemicals
(e.g.,
atenolol,
furosemide,

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Matrix eﬀects assessed as peak area ratios of isotope-labeled standards that were present in all samples of the 3 matrices (inﬂow, outﬂow,
and eﬄuent) at equal concentrations. The medians of the 12 sample pairs are marked by a vertical line inside the boxes which span the interquartile ranges. The whiskers indicate the highest and lowest observed ratios; the dots indicate outliers.

hydrochlorothiazide, and irbesartan) to 90 d for choline.
Correlation analysis was performed between the physical–
chemical properties of the chemicals (pKa and log DOW as
shown in Table 1) and the calculated half-lives, yet no signicant correlations were found.
For the 43 chemicals in Table 1, the inow from Södra
Bergundasjön contributed <30% of total inputs for 38 chemicals
(<5% for 27) (see Table S3 in the ESI†). Therefore, the chemical
inow from Södra Bergundasjön was generally negligible
compared to the chemical input from the WWTP. This was
anticipated, as there are no known signicant municipal
wastewater discharges to the watershed upstream of Norra
Bergundasjön, whereas the WWTP eﬄuent load directly to
Norra Bergundasjön is high. These ndings also agree with Zou

This journal is © The Royal Society of Chemistry 2020

et al. (2015a). Several of the chemicals with an inow contribution from Södra Bergundasjön of >30% were natural products (see Table S3†). There was good agreement between halflives for the three chemicals in Table 1 that were also reported in Zou et al. (2015a): furosemide (5.9 d vs. <9 d), hydrochlorothiazide (<3.5 d vs. 3 d), and climbazole (<24 d vs. 18 d).
The good agreement also applies to three additional chemicals
(acesulfame, carbamazepine, and uconazole) that were relatively persistent in both studies.

3.5. Chemical persistence in the laboratory test
There were many chemicals quantiable in the laboratory test
that were not quantied in the eld. This was expected because
Environ. Sci.: Processes Impacts
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Summary of chemicals with a degradation half-life of <100 d in the ﬁeld

Chemicala

Formula

Exact mass

RT (min)

t1/2b (d)

pKac

log DOWd

log KAWe

Acesulfame
Amphetamine
Atenolol
Benzophenone*
Benzotriazole
Benzoylecgonine
Choline*
Climbazole
Codeine
Coniine
D-Panthenol
Ecgonine
Escitalopram
Fexofenadine
Furosemide
Hexamethylenetetramine
Hydrochlorothiazide
Irbesartan
Kinetin
Lamotrigine
Lidocaine
Losartan
Melamine
Metformin
Metoprolol
Oxazepam
Paracetamol*
PEG n5*
PEG n6*
Perillartine
PPG n4
PPG n5
Pregabalin
Propranolol
Ranitidine
Sitagliptin
Sotalol
Sulfapyridine
Tramadol
Triisopropanolamine
Tropine
Valsartan
Venlafaxine

C4H5NO4S
C9H13N
C14H22N2O3
C13H10O
C6H5N3
C16H19NO4
C5H13NO
C15H17ClN2O2
C18H21NO3
C8H17N
C9H19NO4
C7H17F2NS
C20H21FN2O
C32H39NO4
C12H11ClN2O5S
C6H12N4
C7H8ClN3O4S2
C25H28N6O
C10H9N5O
C9H7Cl2N5
C14H22N2O
C18H27ClF3N4P
C3H6N6
C4H11N5
C15H25NO3
C15H11ClN2O2
C8H9NO2
C10H22O6
C12H26O7
C10H15NO
C12H26O5
C15H32O6
C8H17NO2
C16H21NO2
C13H22N4O3S
C16H15F6N5O
C12H20N2O3S
C11H11N3O2S
C16H25NO2
C9H21NO3
C8H15NO
C24H29N5O3
C17H27NO2

162.9932
135.1048
266.1631
182.0731
119.0484
289.1314
103.0997
292.0980
299.1519
127.1361
205.1315
185.1052
324.1638
501.2881
330.0080
140.1062
296.9647
428.2325
215.0807
255.0079
234.1733
422.1621
126.0655
129.1015
267.1835
286.0508
151.0633
238.1415
282.1678
165.1154
250.1778
308.2197
159.1259
259.1572
314.1412
407.1184
272.1196
249.0574
263.1884
191.1525
141.1153
435.2274
277.2041

1.30
1.81
1.88
6.58
2.70
3.01
0.96
5.38
2.24
2.19
1.68
3.08
4.78
5.42
4.69
0.97
2.22
5.35
1.88
3.24
2.95
5.32
1.00
0.95
3.36
5.10
1.86
1.94
2.19
2.60
3.35
3.98
2.22
4.39
1.96
3.74
1.84
2.38
3.37
1.12
4.42
6.14
4.04

51
58
3.9
36
68
<11
90
<25
<6.5
<13
87
9.8
3.9
27
5.9
45
<3.6
<5.7
25
74
28
21
39
15
3.1
37
67
31
70
71
32
34
81
<6.8
<17
20
<52
<5.5
16
63
52
<14
5.6

3.02/—
—/10.0
14.1/9.67
—/—
9.04/0.220
3.15/9.54
14.0/—
—/6.49
13.8/9.19
—/10.6
12.7/—
3.48/9.69
—/9.78
4.04/9.01
4.25/1.52
—/5.88
9.09/—
5.85/4.12
10.2/3.43
15.0/5.89
13.8/7.75
5.85/3.85
—/9.56
—/12.3
14.1/9.67
10.6/1.47
9.46/—
14.8/—
14.8/—
11.5/3.51
14.5/—
14.5/—
4.80/10.2
14.1/9.67
—/7.80
—/8.78
10.1/9.43
6.24/2.14
13.8/9.23
14.8/9.28
15.2/9.7
4.35/0.640
14.4/8.91

3.06
0.0108
1.05
3.43
1.21
0.611
4.66
4.34
0.314
0.292
1.70
3.10
2.17
2.89
1.65
0.393
0.621
4.00
0.510
1.93
2.71
3.60
1.88
3.66
0.298
2.92
0.897
1.40
1.44
2.26
0.321
0.692
1.35
1.11
0.850
0.572
1.37
0.102
1.38
1.74
1.47
0.391
1.95

5.77
4.32
16.0
3.85
5.40
10.7
16.8
6.35
11.4
3.34
8.72
11.8
8.94
16.2
14.1
2.63
10.3
12.5
12.4
9.68
7.87
12.8
11.3
13.5
11.4
6.97
10.1
11.6
13.2
4.07
9.54
11.0
7.47
11.4
12.1
13.2
12.6
10.7
9.38
8.81
7.57
14.3
6.68

a
Chemicals with asterisks indicate an inow contribution from Södra Bergundasjön of >30%. b The sign < is used before t1/2 if the concentration
was <LOD in outow, in which case the calculated t1/2 represents a maximum value. c pKa values were obtained from ChemAxon; numbers before
and aer the slash indicate the strongest acidic and basic pKa values, respectively. d log DOW values were calculated using the log KOW value of
a chemical at the measured ambient pH value of 8.2 in the unspiked bottles; log KOW values were obtained from ChemAxon. e log KAW values
were calculated from log KOW and log KOA that was obtained from EPI Suite.

we chose to study a lake with a long water residence time so that
it would be possible measure half-lives in the eld that were
close to the regulatory thresholds for persistence. The long
water residence time meant that chemicals with short half-lives,
some of which could be measured in the laboratory test, were
not detectable in the eld.
Out of the 38 chemicals that were detected in the eld with
a half-life of <100 d and for which the WWTP eﬄuent was the
dominant source to the lake, half-lives could be determined for
32 in the bottle test with mixture lake water. This was possible
for only 20 of the 38 in the bottles with natural water (half-lives
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are provided in Table S4†). For the 20 chemicals quantied in
both bottle tests, there was no signicant diﬀerence between
the half-life in the mixture lake water and the half-life in the
natural water for 17 chemicals, the exceptions being perillartine, PPG n4, and PPG n5. The half-lives of PPG n4 and PPG
n5 in the mixture lake water were shorter than those in the
natural water by a factor of 4 and 7, respectively. Perillartine was
relatively persistent in the natural water with the 95% condence interval of its estimated half-life intersecting innity
(Table S4†). The faster dissipation of these 3 chemicals in the
mixture lake water might be due to more specialized degrading

This journal is © The Royal Society of Chemistry 2020
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capacity of the microbial population in the eﬄuent compared to
the lake water, so that even though eﬄuent only made up 20%
of the test medium it still resulted in faster biodegradation.
Based on the good agreement between mixture lake water and
natural water for 85% of the chemicals, the half-lives from the
bottle tests with mixture lake water were used for comparison
with the eld measurements.
Of the 32 chemicals quantied in the bottle tests with
mixture lake water, 18 were degraded in the lab test following
rst-order kinetics (Fig. 2). For one of these, sulfapyridine,
concentrations increased again aer 10 d, suggesting that the
initial transformation may have been reversible or that it was
formed as the product of the transformation of another
compound. For the remaining 14 chemicals, four had poor
measurement repeatability so that the uncertainty in half-life
was large, while the other ten were either very persistent with
half-life condence intervals intersecting innity or they were
formed from precursor chemicals. Of the 18 chemicals clearly
showing rst-order dissipation, the linear regression of
ln(concentration) versus time yielded a coeﬃcient of determination (R2) > 0.90, and a lag phase was observed for only three:
acesulfame, furosemide, and losartan. One advantage of the
unspiked bottle test over the traditional spiked test is that the
level of substrate is not modied. Spiking can result in adaptation of the microora, leading to both a lag phase and
potentially a diﬀerent elimination rate than in the environment.6 Although we did not spike in our experiment, the mixing
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of surface water and eﬄuent in this experiment created new
contaminant levels for the microorganisms present. This could
explain the lag phase observed for furosemide and losartan.
Acesulfame is degraded by a specialized organism in WWTPs,
and this organism may have been present in suﬃcient quantities in the WWTP eﬄuent and found suitable conditions in the
mixture lake water incubation for growth, leading to the
observed lag.18 No statistically signicant diﬀerence in half-life
between the two replicate bottles was observed for any of the 18
chemicals (Fig. 2), indicating good repeatability of the half-life
determination. For comparison with the eld measurements
the data from the two bottles were combined (Table S4†).
3.6. Comparison of persistence in the eld and the
laboratory
Field and lab persistence calculated for the 32 chemicals that
were quantiable in both experiments are plotted as Fig. 3 and
summarized in Table S4.† The discussion below is divided into
two parts based on: (i) the 18 chemicals for which the degradation in the lab test followed rst-order kinetics and the halflife was determined with high condence, and (ii) the remaining 14 chemicals for which the half-life in the lab test had large
uncertainty or the 95% condence intervals intersected innity.
3.6.1. Chemicals for which half-life was calculated with
high condence. Of the 18 chemicals for which degradation
followed rst-order kinetics (the le part of Fig. 3), good

Fig. 2 Dissipation of the 18 chemicals showing 1st order kinetics in the unspiked OECD 309 tests. The results for two replicate experiments are
shown, bottle 1 in blue and bottle 2 in orange. All graphs share the same x and y axis and show the peak area normalized to the initial peak area.
Linear regressions are shown as solid lines. The symbols in lighter colors show data points that were not used in determining the linear
regressions because they were indicative of a lag phase or a sudden decrease in dissipation rate. The p value in each graph indicates the ANCOVA
test result comparing the two regression lines; no signiﬁcant diﬀerence was observed for any chemical at the 95% conﬁdence level (p > 0.05).
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Fig. 3 Comparison of half-lives measured in the lab experiment with mixture lake water and in the ﬁeld. The * symbol next to a chemical
indicates a good agreement between ﬁeld and lab half-lives (central estimates diﬀer by a factor of <3). The +N symbol indicates that the slope of
the linear regression was either positive or not signiﬁcantly diﬀerent from zero (p > 0.05). The error bars show the standard deviation for the ﬁeld
measurements and the 95% conﬁdence interval for the lab measurements.

agreement between the eld half-life and lab half-life measured
in mixture lake water was found for 12 substances (indicated
with asterisks in Fig. 3; dened as a diﬀerence of less than
a factor three in the central estimates of the half-lives (illustrated in Fig. S6†)). Four of the other six chemicals (PPG n4, PPG
n5, pregabalin, and ranitidine) had a markedly longer half-life
in the eld than in the lab test. The lab experiment may have
shown a faster dissipation because it was done with an eﬄuent/
lake water mixture, which may have had a microbial population
more adapted to degrading these substances. Indeed, when the
lab test half-lives of PPG n4 and PPG n5 measured in natural
water where compared with the eld half-lives, there was good
agreement (Table S4†). The half-life of pregabalin could not be
measured in the lab test with natural water, so we cannot judge
whether the same explanation also applies to these two chemicals. The eld half-life for ranitidine had a lower condence
interval of zero (the concentrations in lake water were below the
LOQ), and therefore the diﬀerence between the eld and lab
half-lives was not signicant.
In the case of the other two chemicals, hydrochlorothiazide
and metoprolol, the half-lives measured in the eld were 10 and
4 times shorter, respectively, than the half-lives measured in the
lab (Table S4†). Although it has been documented that dissipation of hydrochlorothiazide in lab degradation tests can be
attributed to both biodegradation and non-photolytic abiotic
transformation (e.g., hydrolysis),19,20 neither biodegradation nor
hydrolysis is likely to explain the substantially faster dissipation
of hydrochlorothiazide observed in the eld. Photodegradation
of hydrochlorothiazide has also been reported and was found to
be a dominant dissipation pathway under certain conditions.21–23 Given the generally high global radiation and long
sunshine hours during the sampling period (Fig. S5†), we
hypothesize that hydrochlorothiazide was removed from Lake

Environ. Sci.: Processes Impacts

Norra Bergundasjön primarily via photodegradation. Such
conclusions are also consistent with Zou et al. (2015b), who
studied seasonal variation of the persistence of 12 chemicals
including hydrochlorothiazide in another Swedish lake.12 In
that study, the largest seasonal diﬀerence was observed for
hydrochlorothiazide, for which the calculated half-life in late
spring (with high irradiance) was 20 times lower than in late
autumn (with low irradiance). The correlation between removal
rate and irradiance suggests photodegradation as the dominant
removal process, while a seasonality in chemical persistence of
this magnitude is unlikely for other degradation pathways such
as biodegradation or hydrolysis. Although Lake Norra
Bergundasjön is a hypertrophic lake with strong algal blooms
during spring and summer which would limit light penetration,
the relatively shallow depth of the lake favors photochemical
removal processes.
Other transformation processes may also explain the shorter
half-life of metoprolol in the eld. Metoprolol is subject to
indirect photodegradation in the presence of natural organic
matter.24 It has also been shown to degrade rapidly at warm
temperatures (19.7  C) under oxic/penoxic to suboxic conditions
in sediment.25
3.6.2. Chemicals for which half-life was calculated with low
condence or intersected innity. The time trends of the 14
chemicals for which the half-life obtained in the lab was
uncertain or its 95% condence interval intersected innity are
plotted as Fig. S7.† Ten of these chemicals (indicated with +N
in Fig. 3) were either very persistent in the lab or were formed
during the 60 day incubation period (Fig. S7†). For the
remaining four chemicals the half-life was so uncertain that
comparison with the eld half-life does not provide much
useful information about the ability of the lab test to predict
biodegradation in the eld (Fig. S7†). The cause of the high
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uncertainty was large variability in the measured concentrations, which may suggest that the analytical approach used was
not suitable for these chemicals.
The half-life in the eld for these chemicals covers a wide
range, from 3.9 d (for escitalopram) to 74 d (for lamotrigine) (see
the right part of Fig. 3 and Table S4†). All of the 14 chemicals
except perillartine had a half-life in the lab signicantly longer
than in the eld. Analogous to hydrochlorothiazide, photodegradation may explain the dissipation of some of these
chemicals in Lake Norra Bergundasjön. For instance, venlafaxine has been shown to be degraded via indirect photolytic
reactions.26 Another possible explanation is that a major portion
of the biodegradation of these chemicals in the eld is occurring in the sediment. In owing systems the hyporheic
exchange occurring at the water/sediment interface has been
demonstrated to play a signicant role in biodegradation of
organic contaminants.27–29 Further work is needed to explore
these hypotheses. However, this was beyond the scope of this
study.
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consider photodegradation. This could be addressed by conducting separate photodegradation experiments in the laboratory and then using theoretical considerations to translate the
results into eld persistence.30,31
Finally, the unspiked laboratory test is not well suited for the
identication of transformation products. In a spiked test the
identication of transformation products is fostered by the
perturbation of the system; transformation products can be
identied by searching for chemicals which show an increase in
concentration. This is not possible in the unspiked test.
However, once transformation products have been identied,
the unspiked test oﬀers good opportunities to study their
occurrence and relevance under natural conditions. This is
because the complex mixture of potential reactants found in the
environment that could inuence the concentration of transformation products is reproduced in the laboratory test.
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3.7. Potential and limitations of the unspiked OECD 309 test
The unspiked OECD 309 test was a good predictor of dissipation
half-lives in the eld. Of the 18 chemicals for which half-lives
could be quantied with reasonable certainty in the lab test,
14 chemicals showed satisfactory agreement with the eld halflives. This shows that the unspiked OECD test has potential for
assessing dissipation half-lives of contaminants in specic eld
situations.
However, the experiments also revealed some of the limitations of this methodology. The dissipation kinetics of some
chemicals could not be measured in the laboratory test with
natural water because the concentrations were too low. Using
the mixture lake water instead, more chemicals could be
analyzed and the condence intervals were narrowed for other
chemicals that had been quantied in the natural water. This
indicates that mixture lake water is a feasible strategy for
overcoming the limitation of low contaminant concentrations
in natural water. However, although there was good agreement
between the half-lives measured in natural water and mixture
lake water for most chemicals, several disagreed substantially.
This indicates that the uncertainties with respect to microbial
composition associated with this strategy can be substantial,
and that it should be used with caution. Improving the sensitivity of analytical methods is ultimately a more attractive
solution to the concentration limitation of the unspiked OECD
309 test.
A second limitation of the laboratory test is that it does not
account for all loss mechanisms. Since only water is studied, the
laboratory test cannot account for attenuation occurring in
sediments, and there is ample evidence showing that sediments
possess a strong biodegradation capacity for some chemicals.
The OECD 309 test has the option of adding sediment to the
incubation, but there is no guidance on how much sediment
should be added so that the balance between biotransformation
capacity in sediment and water is the same in the lab test as it is
in the eld. Furthermore, the unspiked OECD 309 test does not
This journal is © The Royal Society of Chemistry 2020
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R. M. Baena-Nogueras, E. González-Mazo and P. A. LaraMartı́n, Degradation kinetics of pharmaceuticals and
personal care products in surface waters: photolysis vs.
biodegradation, Sci. Total Environ., 2017, 590–591, 643–654.

This journal is © The Royal Society of Chemistry 2020

