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Abstract

The quality of chemical analysis is an important aspect of passive sampling based environmental
assessments. The present study reports on a proficiency testing program for the chemical analysis of
hydrophobic organic compounds in silicone and low-density polyethylene (LDPE) passive samplers and
hydrophilic compounds in polar organic chemical integrative samplers. The median between-laboratory
coefficients of variation (CVs) of hydrophobic compound concentrations in the polymer phase were 33%
(silicone) and 38% (LDPE), similar to CVs obtained in four earlier rounds of this program. The median CV
over all rounds was 32%. Much higher variabilities were observed for hydrophilic compound
concentrations in the sorbent: 50% for the untransformed data, and a factor of 1.6 after log
transformation. Limiting the data to the best performing laboratories did not result in less variability.
Data quality for hydrophilic compounds was only weakly related to the use of structurally identical
internal standards and was unrelated to the choice of extraction solvent and extraction time. Standard
deviations of the aqueous concentration estimates for hydrophobic compound sampling by the best
performing laboratories were 0.21 log units for silicone and 0.27 log units for LDPE (factors 1.6 to 1.9).
The implications are that proficiency testing programs may give more realistic estimates of uncertainties
in chemical analysis than within-laboratory quality control programs, and that these high uncertainties

should be taken into account in environmental assessments.

Synopsis: Chemical analysis of aquatic passive samplers results in an uncertainty of aqueous

concentrations of at least 0.21 log units (factor 1.6).

Keywords: passive sampling, proficiency testing, interlaboratory comparison, silicone, polyethylene,

POCIS, quality control
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1. Introduction

The quality of chemical analysis in environmental monitoring programs is of crucial importance for
assessing the risk of anthropogenic organic compounds in aqueous environments. Lower uncertainties
in reported concentration levels facilitate the detection of temporal and spatial trends, and reduce the
risk of making incorrect environmental management decisions. Data comparability between laboratories
should be particularly high and well defined when multiple laboratories submit data to the same
monitoring program. The data quality policy of the United States Environmental Protection Agency (US
EPA) stipulates that the quality of chemical analysis should be appropriate for the intended use of the
data within particular studies, and that measurement uncertainty should be weighed against sampling
uncertainty.>? US EPA requires that quality management plans (laboratory level) and quality assurance
project plans (project level) are in place for each study.? Laboratories that analyze priority substances
within the EU Water Framework Directive should be accredited according to ISO 17025 (or equivalent),
participate in proficiency testing (PT) programs, and ensure that measurement uncertainty is less than
50% (coverage factor k=2) at the level of the environmental quality standards.*® This corresponds to a

relative standard error of 25%.

Regular participation in PT programs can inform laboratories about the adequacy of their internal
quality assurance and control measures, and the comparability of their data with data from other
laboratories. In addition, these programs inform clients and stakeholders of these laboratories about the
achievable accuracy of the chemical analysis, both with respect to the individual laboratory and within
the group of participants. Guidance on the selection of PT programs and the interpretation of results is
given by Eurachem.® Participation in such studies is also important for laboratories that use passive
sampling methods for assessing the global distribution of contaminants, evaluating contaminated sites,
and monitoring the release of potentially harmful substances into the aquatic environment, among

others.””

PT programs for the analysis of organic contaminants in the aquatic environment have been mainly

focused on polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), and chlorinated
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pesticides in sediments and biota. Results of these studies indicated median between-laboratory
coefficients of variation (CVs) in the range 23 to 65%.1%3 A compilation of unpublished one-off
interlaboratory comparison studies on the analysis of nonpolar and slightly polar organic compounds
(logKow = 3.4 - 7.6) in surface water samples suggests CVs of 20 to 70%.* A PT study for the analysis of
pharmaceuticals in spiked clean water and spiked waste water reported CVs of 15 to 61%.* Four
interlaboratory studies for passive sampling in sediments and water revealed substantial between-
laboratory variability of aqueous concentrations of organic compounds based on the same sampler type
(silicone, LDPE, POCIS). Variability was either expressed as CVs with median values of 87% and 62%,>
or as ratios of high/low aqueous concentrations (Cy) of 4.4 and 2.8 Two studies identified chemical
analysis of the sampler sorbent as a major source of variability.’®” This justifies a separate focus on

analytical quality.

A PT development exercise for passive sampling of hydrophobic organic compounds was initiated in
2014 by WEPAL-QUASIMEME, which is an ISO 17043 accredited not-for-profit PT organization under the
umbrella of Wageningen University, The Netherlands. Results for the first two rounds of this exercise
(2014 and 2015) indicated CVs for the analysis of hydrophobic compounds in silicone samplers between
3 and 97%, with a median value of 28%.'° Additional rounds for silicone samplers were organized in

2016 and 2018.

The purpose of present study was to evaluate and improve the design of the PT scheme for passive
sampling of hydrophobic compounds, extend the program to LDPE samplers, and explore the challenges
of a PT scheme for passive sampling of hydrophilic compounds. The primary focus was on the variability
of the chemical analysis of passive samplers, rather than on variability associated with sampler
preparation, deployment, and modelling, but the consequences for the uncertainty in Cy estimates of

hydrophobic compounds are evaluated.
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2. Materials and methods

2.1. Sampler preparation.

Silicone sheets with 0.25 mm thickness (Specialty Silicone Products, SSP-M823) and low-density
polyethylene (LDPE) sheets with 0.080 mm thickness (Alte-Rego Corporation) were cut to a size of 55 x
90 mm and pre-extracted with ethyl acetate (silicone) or acetone/hexane 1:1 v/v (LDPE) using a 100 h
Soxhlet extraction. Sheets were spiked with performance reference compounds (PRCs), following
published guidelines.?’ PRCs were PCB congeners 1, 2, 3, 10, 14, 21, 50, 55, 78, 104, 145, 204. Sheets
were exposed for 28 d (starting 25 August 2021) in the effluent of the municipal wastewater treatment
plant serving Brno city, Czech Republic. Collected sheets were transferred to an amber glass jar (one jar
per polymer type) and packed into 40 mL amber glass vials (3 tightly wrapped sheets per vial, Supporting
Information Figure S1-1). Nonexposed sheets were transferred to 40 mL amber glass vials (3 per vial),

immediately after spiking. All vials were stored in the dark at —20 °C.

Granular Oasis Hydrophilic-Lipophilic Balance (HLB) sorbent was washed three times with acetone,
followed by solvent removal under mild vacuum. The sorbent was not spiked with PRCs. The sorbent
was exposed in multiple Polar Organic Chemical Integrative Samplers (POCIS), equipped with a
polyethersulfone membrane (Pall Supor 100, nominal pore size 0.1 um, membrane thickness
approximately 130 um) sandwiched between two stainless steel washers (54 mm internal diameter, 101
mm external diameter). A higher sorbent mass per POCIS (400 mg vs. 220 mg for standard POCIS) was
chosen to reduce the number of samplers. This was considered to be permissible because the focus of
the present study was on the chemical analysis of hydrophilic compounds in the sorbent, rather than the
determination of aqueous concentrations of these compounds. Exposure time was 14 d (starting 25
August 2021), at the same site as for the silicone and LDPE exposures. Sorbents of all POCIS were pooled
after exposure, freeze-dried, mixed, distributed over 4 mL amber glass vials (approximately 600 mg per
vial), and stored at —20°C. The choice for a granular sorbent instead of extraction disks optimized sample
homogeneity, which eliminates any difference in the accumulation by individual POCIS. Sampler

preparation and deployment was done by RECETOX.
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QUASIMEME sent samplers to participants by courier. Participants were instructed to check samples for

damage and to store them dark and frozen, preferably at -20 °C.

Homogeneity tests were carried out to ensure sufficiently similar concentrations in the samplers. These
tests were done by RECETOX for silicone and LDPE and by the University of South Bohemia for HLB. Eight
randomly selected vials (containing silicone sheets, LDPE sheets, or HLB sorbent) were processed in one
analysis batch. For silicone, CVs (relative to the within-batch mean) were 1-6% for organochlorine
compounds, 2-12% for polybrominated biphenyl ethers (PBDEs), and 3-9% for PAHs, with the exception
of naphthalene (75%), acenaphthene (11%) and acenaphthylene (16%). Standard deviations of retained
PRC fractions (amount ratios in exposed/nonexposed samplers) in silicone were 0.0001- 0.06
(dimensionless). Similar results were obtained for LDPE. CVs for hydrophilic compounds in HLB were
between 8 and 17%. Samples were therefore considered to be homogeneous. Further details are given

in section S2 and in the supplementary data file.

2.2. Data collection.

Participants from 25 laboratories reported 1545 concentration values (669 for silicone, 474 for LDPE,
and 402 for HLB) for 78 hydrophobic compounds and 75 hydrophilic compounds. In addition, 245
retained fractions for 12 PRCs were reported. All compounds are listed in section S3, and all reported
concentrations are available from the supplementary data file. Laboratories were based in North
America (3), Europe (19), Asia (2), and Australia (1), and were from academia (12), public sector (11),
and private sector (2). Participants used their own methods of analysis. Data collection and storage was

done by QUASIMEME.

To remove ambiguity in reported concentrations of chrysene and triphenylene due to co-elution,
participants had to report the separate compounds and/or their sum. Participants also had to report
benzofluoranthenes as individual compounds (b, j, k congeners) and/or their sums, for the same reason.
A data evaluation could be made for 44 non-PRCs in silicone, 36 non-PRCs in LDPE, 11 PRCs in silicone,

12 PRCs in LDPE, and 39 hydrophilic compounds in Oasis HLB (Tables S3-1 and S3-2).
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For comparison, results from previous rounds with silicone samplers in 2014, 2015, 2016, and 2018 were
included in the data analysis. Sampler deployments for these rounds were made at four sites in The
Netherlands: Western Scheldt near Hansweert (2014, 91 d), River Rhine near Lobith (2015, 49 d), River
Meuse near Eijsden (2016, 42 d), and Rotterdam Harbor near Maassluis (2018, 43 d). The design of
these studies was the same as for silicone in 2021. The number of participants in all rounds was 21

(2014), 13 (2015), 10 (2016), 13 (2018), 19 (silicone 2021), 13 (LDPE 2021), and 15 (HLB 2021).

During the initial data evaluation we noted particularly large variability (50% or more) for hydrophilic
compounds and for 2- and 3-ring PAHSs. Participants were therefore asked to provide additional
information about their certification status (ISO 17025 or similar), use of certified or internal reference
materials (hydrophobic compounds only), internal standards, and extraction methods. This information
was obtained from 22 out of 25 laboratories; one laboratory was shut down after participating, and two

laboratories did not respond.

2.3. Data analysis.

Robust means and standard deviations were obtained using the Cofino model.?2 This model does not
require separate outlier tests and can incorporate left-censored values (below a reporting limit). A

normal distribution of errors was assumed, unless indicated otherwise. Considerations for the assumed
error distribution are given in the Results and Discussion section. Robust means are further referred to

as “consensus values”.

Laboratory performance was evaluated in terms of Z'-scores for all analytes. These are defined as the

difference between reported and consensus value, normalized by a total error (all in ng/g).

. Reported Value — Consensus Value
Z'= (1)

Total Error

The total error was obtained from the target error (the error that was assumed to be achievable) and

the uncertainty (uy) in the consensus value.

Total Error =\/(Target Error)2 + u)z( (2)

8/25



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

S

In

u, =1.25 (3)

where s is the standard deviation, and n is the number of observations. The uy is 1.25 times the standard
error of the mean. The factor 1.25 is prescribed by ISO 13528 to account for possible deviations from

normality in the data.

The target error was expressed in terms of a constant error and a proportional error (%).

Proportional Error x Consensus Value
Target Error = +0.5xConstant Error (4)

100%

This approach allows for a higher relative error at low concentrations. The proportional error was set at
25%, based on previous experience with QUASIMEME PT studies for hydrophobic compound analysis in
sediments and biota, and on legal EU requirements.®> The constant error was set at 0.03 ng/g for
organochlorine compounds, 0.1 ng/g for PAHs, and 0.01 ng/g for PBDEs, also based on previous
experience. These errors were set at 10% and 0.005 for retained PRC fractions (dimensionless) and at

25% and 0.1 ng/g for hydrophilic compounds.

Consensus values were set when data fell into either of two categories. Category 1: > 7 numerical
values, 2 50% of the reported values with |Z'| < 2, and = 5 values with |Z’| < 3. Category 2: 4to 6

numerical values, and > 4 values with |Z’| < 2, and > 70% values with |Z'| < 3.

Water sampling rates (Rs, L/d) for sampling of hydrophobic compounds by silicone and LDPE were

evaluated from the retained PRC fractions (f), assuming rate control by the water boundary layer.

R.t t
f =exp(—;J=eXP(—%J (5)
mKSW mszMr
where K. (L/kg) is the sampler-water partition coefficient, m (kg) is the sampler mass, t (d) is time, M, is
the relative molecular mass (dimensionless), and fu is a proportionality constant that reflects the flow
effect on the exchange kinetics. The power 0.47 accounts for the weak decrease of aqueous diffusion

coefficients with molecular weight.?* Literature values for Ky were adopted (Table S4-1). C, (ng/L) was

calculated from
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Data analysis was done by QUASIMEME and PaSOC.

3. Results and Discussion

3.1. Hydrophobic compounds analysis in silicone and LDPE

CVs for the analysis of hydrophobic compounds ranged between 10 and 150% and were similar for LDPE
and silicone samplers (Figure 1, Figures S5-1 and S5-3). The CVs of bromodiphenylethers span a similar
range as observed in the NORMAN Interlaboratory Study.'®? These CVs were 13-77% in the NORMAN
study versus 19-150% in the present study, without an obvious correlation between the CVs of
compounds reported in both studies (Table S6-1, Figure S6-1). Other hydrophobic compounds were not

included in the NORMAN study.

Appreciable differences occur among laboratories with respect to the percentage of |Z’|<2. Data for
silicone 2021 show that 5 laboratories have more than 90% |Z’|<2, another 5 have 80-90% |Z’|<2, and 9

laboratories have less than 80% |Z’|<2 (Figure 2). Nearly all laboratories reported extreme values

—e— 2014 —o— 2015 —e— 2016 —a— 2018 —e— 2021 sil --©---2021 LDPE
160 -
140 A
120 -
100 -
X
= 80 19
O
60 -
40 4
20 A
i —
0 N 0000 MmO m Wk o >0L£ € © % S C oW ow LW s a0 N
NMOF!MU\OOU%DDUU3“®3>"<—('-C.9-3§:.§'—‘m'<—["—‘(\l<rmgmg
DO dddd AT O T ECTOROCEXTIOA CTwwwododo
QO O MmMMmmaomam T o < a Fe) Foomo I =Taoc 000 WW W
aaco0o0000 5 o %+ w Sy MoomoQQ0Q
8- 0, B 8- 10 < < < 2 Xaog oo m
o o oo 3

Figure 1. CVs for the analysis of hydrophobic compounds in silicone (2014, 2015, 2016, 2018, 2021) and LDPE
(2021). The solid black line represents the median CV over all rounds and compounds (32%). Lines between the
data points are shown as a visual guide. CVs of compounds only reported in 2021 are not shown (see Figure S5-3).
Shorthand names are defined in Table S3-1.
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Figure 2. Boxplot of Z’-scores for the analysis of hydrophobic compounds in silicone for the 2021 study.
Laboratories are sorted on descending percentage |Z'|<2 (numbers near the horizontal axis). The number of
reported values is shown above the boxes. Horizontal lines represent Z’=+2 and Z’=0.

(12’ ]>3) for one or more compounds. Boxplots for LDPE are similar as for silicone (Figures S7-1 and
S7-2). Percentages of favorable Z’-scores (| 2’| <2) were rather similar for laboratories with and without
certification under 1SO 17025 (Figure S8-1). Medians were 89% (range 15-100%) and 79% (range 26-
96%), respectively. Laboratories that regularly analyze reference materials (certified and internal
reference materials, including matrix spikes) had a similar percentage of favorable Z’-scores as
laboratories that used none of these measures (Figure S8-1), with medians of 80% (range 15 to 99%) and
81% (range 26-100%), respectively. We found no relationship between %|Z’|<2 and methods used for
extraction, cleanup, and instrumental analysis (section S8). This means that it is more important how

methods are applied than which method is selected. Further details are given in section S8.

Comparison with four previous rounds (2014, 2015, 2016 and 2018), and taking silicone and LDPE for
2021 as separate datasets, shows that high and low CVs occur for individual compounds in separate
rounds, but that the long-term average is fairly constant (Figure 1). Several very small CVs can be
labelled as unrealistic. For example, the CVs of BDE99 in 2016 (1%, n=5) and chrysene in 2015 (3%, n=7)
are exceptionally small. The CVs over all rounds are more realistic (23% for BDE99 and 49% for

chrysene).

No relationship between CV and concentration level was observed (Figure S9-1), which means that the

constant error (equation 4) cannot be determined until more data are available. Standard deviations of
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retained PRCs fractions were smaller for LDPE than for silicone by a factor of approximately 2, for

unknown reasons (Figure S5-2).

To further explore differences and similarities of CVs between compounds, we hypothesized that CVs
can be characterized by a common value, obtained from the median CV over all rounds and compounds.
Subsequently, we evaluated whether the 95% confidence intervals of the CVs (section S10) for individual
compounds overlapped with this common value. This was the case for most compounds, except the 2-
and 3-ring PAHs (Figure S11-1). Between-round differences in CVs are therefore likely caused by the
small number of participants per round (typically 10 to 20). Median CVs per compound, taken over all
rounds, ranged between 14% (chrysene + triphenylene) and 91% (acenaphthylene), with an overall
median of 32%. This analysis indicates that between-laboratory CVs are best estimated from the median
CV over multiple rounds and multiple compounds. The median CV within a single round may be adopted
as an optimal initial estimate when multi-round data are not available, for example in the case of one-
off studies or when compounds are included for the first time. For the present data, these medians
amount to 28, 28, 29, 26, 33, and 38 % (silicone 2014, 2015, 2016, 2018, 2021, and LDPE in 2021,

respectively), which is close to the multi-round median of 32% (Figure S11-2).

Median CVs of acenaphthene, acenaphthylene, fluorene, and anthracene over multiple rounds were
substantially higher (53, 91, 50, 81%, respectively, Figure S11-1). The CV of naphthalene (available for
silicone in 2021 only) was also high (120%). Evaporation losses during sample processing cannot explain
the high CVs of these relatively volatile compounds because laboratories using structurally identical
internal standards did not obtain lower |Z’|-scores (section S12). Evaporation before sample processing
is also unlikely because samplers were tightly wrapped in a small vial, and sampler-air partition
coefficients are >36000 mL/g (Section S1). We speculate therefore that these high variabilities originate
from background contamination during sample processing and inadequate blank subtraction.
Chromatographic separation is unlikely to explain the higher CV of anthracene as compared with

phenanthrene (section S12).
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3.2. Hydrophilic compounds in HLB

CVs for the analysis of hydrophilic compounds in HLB ranged from 10 to 100%, with a median value of
50% (Figure 3). The highest CVs were observed for compounds with concentrations > 1000 ng/g (Figure
S9-1, right panel), possibly as a result of detector linearity issues. Six out of 39 compounds had CVs that
differ significantly from the median (two-tailed Chi-squared test, a = 0.05). The CVs are similar to the
range of 16-119% and 39-111% that was found for hydrophilic compound analysis in POCIS in other
studies (Table S6-1).2>1625 The lack of correlation between the CVs among studies suggests that high or

low CVs are not compound-specific (Figure S6-1, right panel).

Appreciable differences in laboratory performance occur, as evidenced by the Z’-score boxplots and
percentage |Z’'|<2 (Figure 4, left panel). Seven laboratories obtained more than 90% |Z’|<2. The

percentage was between 80 and 90% for three laboratories and less than 80% for five laboratories.

Laboratory certification status (ISO 17025) for hydrophilic compound analysis in surface waters was not
strongly associated with the percentage |Z’|<2, and the same was observed for the choice of extraction
solvent (methanol, acetone, mixed solvents), extraction time (3 to >60 min), and the use of matrix-
matching standards methods (Table S13-1, Figures S13-1 to S13-4). Quantification with structurally
identical internal standards generally yielded Z’-scores between -2 and 2, but the range of Z’-scores was
not particularly narrow, and several Z’-scores >10 were observed (Figure S13-5). These observations
suggest that sorbent extraction methods are not critical and that the use of structurally identical internal

standards is no guarantee for high data comparability among laboratories.

To evaluate if the presently adopted proportional error of 25% is achievable by the best performing
laboratories, the CVs were determined on three separate datasets: all participants, participants with >
80% |Z’'|<2, and participants with > 90% |Z’|<2. These sub-datasets are further referred to as 40+, 80+,
and 90+. A comparison could be made for 23 out of 39 compounds. For the other 16 compounds the

number of observations in the 80+ and 90+ sub-datasets was too small to set a consensus value. Median
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Figure 3. Coefficients of variation (CV) for the analysis of hydrophilic compounds in HLB. Error bars span the 95%
confidence range. The number of observations is shown above the error bars. The solid line represents the median
CV. Shorthand names are defined in Table S3-2.
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Figure 4. Boxplots of Z'-scores for the analysis of hydrophilic compounds in HLB for the 2021 study, assuming a
normal (left) and lognormal (right) error distribution. Laboratories are sorted on descending percentage |Z’|<2
(numbers near the horizontal axis). The number of reported values is shown above the boxes. Horizontal lines

represent Z’=%2 and Z'=0.

CVs for the 90+, 80+, and 40+ sub-datasets were 30, 38, and 44%, respectively. These differences were
only significant for the 40+ versus 90+ comparison (one-tailed F-test, p=0.04), which can be attributed to

a large difference in the CVs for PFOS (73 vs 19%) and venlafaxine (76 vs 25%) (Figure S14-1).
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The similarity of CVs for the respective sub-datasets illustrates first that the Cofino model is fairly
robust. Second, the adopted proportional error of 25% is presently not achievable, even by the best-
performing laboratories. Third, the high CVs shed doubt on the applicability of assuming a normal
distribution of errors, as CVs > 50% predict a significant probability of negative concentrations. The

latter occurred for 19 out of 39 compounds (>5% probability of negative Cs).

Moderate differences between assuming a normal and a lognormal distribution of errors were observed
for the consensus values. Data were logio-transformed and modeled in the same way as the
untransformed data. The ratios of consensus values (normal/lognormal) were 0.97 + 0.05 (median *
standard deviation based on the median of absolute deviations). The highest differences occurred for
sulfamethoxazole (ratio = 1.26) and venlafaxine (ratio = 0.70). The probability density function for the
untransformed data showed significant overlap with negative concentrations for these compounds (the
modeled probability of C.<0 was 0.18 and 0.11, respectively; Figure S15-1). The high ratio for
sulfamethoxazole can be understood by considering that geometric means (log-transformed data) are
always smaller than arithmetic means (untransformed data). The low ratio for venlafaxine is caused by
the fact that two high values appear as outliers for the untransformed data, and one low value appears
as an outlier for the log-transformed data, shifting the consensus concentration to a higher value for the
log-transformed data. The effect of the assumed error distribution on the consensus value is therefore

typically 5%, but can be as large as 30% for individual compounds.

The results of a Shapiro-Wilk normality test on the log-transformed and untransformed data were
inconclusive. Significant deviations from normality (p <0.05) occurred for 12 out of 39 compounds for
the untransformed data and 2 compounds after log transformation. However, the raw data contained
extreme concentrations that by their very nature result in low p-values in this test. Applying the test to
data after excluding values with |Z’| >2 resulted in 0.04 < p < 1.00 for data with or without log
transformation. This result is not surprising, as removing extreme values promotes normality of the

remaining data.
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The assumed error distribution has a substantial effect on the standard deviations and resulting Z’-
scores. Standard deviations (s) for the log-transformed data ranged between 0.04 and 0.54, with a
median value of 0.21, taken over all compounds (Figure S14-2). These standard deviations are more
easily interpreted as uncertainty factors after back-transformation (10°). The median standard deviation
of 0.21 corresponds to an uncertainty factor of 1.6 (68% of the data between 0.6 and 1.6 times the
consensus value). This uncertainty is similar to the CV of 50% that was obtained for the untransformed
data (68% of the data between 0.5 and 1.5 times the consensus value). Data analysis without log
transformation becomes somewhat problematic with such high CVs. First, positive probabilities of
negative concentrations that occur under the assumption of a normal error distribution are unrealistic.
Second, assuming a normal distribution of errors is more permissive towards laboratories reporting very
low values because Z’-values below -2 are impossible when CVs are >50%. For example, with a
consensus value of 100 ng/g and a CV of 50%, a reported value of 1 ng/g is considered acceptable (Z'=
-1.98), even though it is lower by two orders of magnitude. An advantage of adopting lognormal error
distributions is that they are more generally applicable because the normal distribution is a limiting case
of lognormal distributions when the errors are small. A disadvantage may be that CVs are more easily
interpreted by participants of PT studies than uncertainty factors, but the primary indicators of

laboratory performance are the Z’-scores, which can be reported for either error distribution.

Assuming a lognormal or a normal error distribution can make a large difference in the Z’-scores of
individual laboratories. The target error for the log-transformed data was set to 0.10 log units to
optimize comparability with the 25% target error used for the untransformed data (0.10 log units back-
transform to a factor 1.26, which is approximately 25% higher or lower than the consensus value). The
general appearance of Z’-score boxplot is similar for the analysis with and without log transformation,
but some notable differences occur (Figure 4, right panel). The percentage of |Z'|<2 is higher for three
laboratories, smaller for six laboratories, and the same for six laboratories. Some large differences in the
%|Z’| <2 were observed for some laboratories. A >10% increase was observed for two participants (77 to
92% and 67 to 78%), and a >10% decrease occurred for four participants (100 to 83%, 94 to 62%, 91 to

55%, and 40 to 15%). These differences can greatly impact laboratories when documenting the
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analytical quality of their analyses for customers and funding agencies. For the moment it seems best
that PT organizers analyze the data using both assumed error distributions and discuss with their clients

which distribution yields the most realistic and useful results.

Between-laboratory variability for hydrophilic compounds is high compared with the requirements of
environmental monitoring programs, whether expressed as a CV of 50% or an uncertainty factor of 1.6,
and efforts by laboratories are needed to reduce this variability. For future rounds of the present PT
program a first focus on the variability associated with instrumental analysis can be considered.
Distribution of spiked and unspiked sampler extracts would allow the PT organizer to recalculate
concentrations that are reported by participants, using the standard addition method, which is a

powerful approach for dealing with matrix effects.

3.3. Uncertainties in aqueous concentrations

Uncertainties in sampling kinetics and chemical analysis can both have an impact on the C, estimate in
passive sampler based monitoring. An appreciable scatter of a factor two or more exists in reported
sampling rates of individual hydrophilic compounds by POCIS and Chemcatchers, and the effects of flow,
temperature and biofouling on R, are only partly understood.?* Organizers of monitoring programs for
hydrophilic compounds should therefore separately evaluate the uncertainties in Rs, and take an
additional factor of 1.6 (standard deviation) or 1.6% (95% confidence range) into account for the

uncertainty of the chemical analysis.

By contrast, modelling of aqueous passive sampling of hydrophobic compounds with silicone and LDPE is
well established, and Cy can be reliably estimated, using equations 5 and 6.23%3! Applying the model
using the consensus values showed that sampling by silicone and LDPE yielded similar results for R, (21 +
2 L/dvs. 24 +3 L/d at M,=300, Figure $16-1) and Cy (ratio of Cu,ippe/Cuw,siione = 0.94 + 0.26, Figures S16-2
and S16-3). This indicates that equations 5 and 6 are adequate and that the consensus values are good

approximations of the true values.

Cw values were also calculated using the C; and retained PRC fractions reported by each individual

laboratory. These Cy values were then normalized by the Cy values that were based on the consensus
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values of C; and retained PRC fractions (Cu,consensus). The ratio Cw/Cuw,consensus Can be taken as a measure of
accuracy (Figure 5). The ratio of the 2.5% and 97.5% percentiles was taken as an approximation of the
width of the 95% confidence interval, which amounts to 2.7 log units for silicone and 3.6 log units for
LDPE. This corresponds to a standard deviation of 0.68 log units (silicone, factor 5) and 0.91 log units
(LDPE, factor 8), considering that the 95% confidence interval spans four standard deviations. Limiting
the dataset to the best performing laboratories (more than 80% |Z’|<2, both for PRCs and native
compounds) yields uncertainty factors of 1.6 for silicone (6 laboratories) and 1.9 for LDPE (3
laboratories). Outlying values originate mainly from data for 2- and 3-ring PAHs, which apparently are
difficult to analyze. Eliminating these analytes yields uncertainty factors of 1.3 (silicone) and 1.7 (LDPE)
for the best performing laboratories. This indicates that uncertainty factors of 1.3 to 1.7 (standard
deviation of 0.11 to 0.23 log units) are achievable, but only for a limited number of the laboratories
(6/15 for silicone and 3/9 for LDPE). These values are quite similar to the factor of 1.4 that can be
attributed to chemical analysis for the study by Jonker et al. on passive sampling in sediments (Section

s6).77
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Figure 5. Ratio of silicone-based Cw estimates from data of individual laboratories and Cw estimates from the
consensus values (Cw,consensus) for all laboratories (left panel) and laboratories with >80% |Z’|<2 (right panel).
Different symbols represent different laboratories. Horizontal lines represent the reference value of 1, and the 2.5
and 97.5 percentiles. Seven data points for one laboratory are off scale in the left panel. Corresponding plots for
individual laboratories, plots for LDPE, and Cw ratios vs. compound name are shown in Section S16.
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4. Implications

Realistic estimates of achievable accuracy are best obtained from multi-round PT studies. Results from
five rounds for the analysis of hydrophobic compounds in silicone and LDPE show that the consistency
of between-laboratory CVs can be improved by taking the median among compounds and (if available)
among study rounds, which amounts to 32%. The presently used proportional error of 25% is reasonably
close to the multi-round average, and generally gives a fair assessment of laboratory performance for
silicone and LDPE samplers. A higher proportional error is defensible for the 2- and 3-ring PAH:s.
Continuous monitoring of CVs for individual compounds over successive rounds strengthens the
robustness of the laboratory performance assessment. Z’-scores for compounds that are included for
the first time can be explicitly labeled as tentative. Adopting a normal error distribution is defensible for
the data analysis of hydrophobic compounds in silicone and LDPE because the CVs are relatively small,
although adopting a log-normal distribution would yield a more realistic assessment for the more

volatile PAHs, while giving similar results for the other compounds.

Results for the analysis of hydrophilic compounds in Oasis HLB are characterized by a median CV of 50%.
Evidence that lower CVs can be achieved by the best performing laboratories is weak, indicating that the
presently adopted target error of 25% is presently not achievable for these compounds. The high CVs for
hydrophilic compounds limit the usefulness of the assigned Z’-scores because any reported
concentration close to zero results in an acceptable Z’-score. Log transformation prior to statistical
analysis can be considered until CVs decrease to values of approximately 30%. Alternatively, organizers
of laboratory performance studies can decide to not assign consensus values for compounds with CVs
>30%, but this would result in loss of information, which is not in the best interest of participants and
their stakeholders. Repeated participation in proficiency testing programs, amended by evaluation of
analytical methods, is needed to bring between-laboratory variability in line with scientific and legal

requirements.

Supporting information: raw data for round 2021 and summary data for previous rounds (xIsx). Sampler

shipment vials, homogeneity test results, compound list, LDPE-water and silicone-water partition
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coefficients, CVs of hydrophobic compounds, comparison with other studies, Z'-score boxplots for all
compounds and sampler types, laboratory performance versus certification status and use of reference
materials, concentration dependence of CVs, methods for confidence intervals of variances,
hydrophobic compound CVs (all rounds), variability for 2- and 3-ring PAHs, laboratory performance
versus certification and analytical methods for hydrophilic compounds, CV comparison of hydrophilic
compounds among laboratory groups with different general performance, effect of assuming a normal
versus lognormal distribution of errors, agueous concentration estimates for hydrophobic compounds

(pdf). This information is available free of charge via the Internet at http://pubs.acs.org.
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