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The aim of this study was to assess uncertainties associated
with different sampling modes when evaluating loads of
pharmaceuticals and personal care products (PPCPs) in sewers
and influents to sewage treatment plants (STPs). The study
demonstrates that sampling uncertainty can range from “not
significant” to “far greater than the uncertainty due to chemical
analysis”, which is site- and compound-specific and depends
on the (inJaccuracy of the analytical method. Conventional
sampling devices operated in common time- or flow-proportional
sampling modes, and applying traditional sampling intervals
of 30 min or longer can resultin the collection of nonrepresentative
samples. At the influent of a STP, wastewater may appear

as a continuous stream, but it is actually composed of a number
of intermittently discharged, individual wastewater packets
from household appliances, industries, or subcatchments in
pressurized sewer systems. The resulting heterogeneity can
cause significant short-term variations of pollutant loads. We
present different experimental results and a modeling approach
showing that the magnitude of sampling uncertainty depends
mainly on the number of pollutant peaks and the sampling
frequency; sampling intervals of 5 min or shorter may be required
to properly account for temporal PPCP variations in influents
of STPs. A representative sample is a prerequisite for providing
meaningful analytical results and cannot be compensated
with a large number of samples, accurate chemical analysis,
or sophisticated statistical evaluation. This study highlights that
generalizing from one case to another is difficult and hence

a careful systems analysis of the catchment under investigation,
or precautionary choice for a sophisticated sampling mode,

is necessary to prove reproducibility.

Introduction

Increasingly, raw wastewater samples are analyzed for
pharmaceuticals and personal care products (PPCPs). Waste-
waters are highly variable streams and the daily volumes are
large. Flow volumes can range from 100 m®*d ! (e.g., effluent
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of a regional hospital or a small municipal subcatchment)
up to 100,000 m*® d! or even more (i.e., influent to large
sewage treatment plants (STPs)). The lack of online instru-
mentation, the unfavorable physical and chemical properties
of wastewater, and the harsh conditions in sewers do not
(yet) allow for a direct analysis of PPCPs. Therefore, samples
have to be collected to quantify PPCP concentrations in a
laboratory.

Automated sampling devices are used to collect a number
of discrete samples over a certain period, usually 24 h. Three
facts result in relatively long sampling intervals when using
commercially available sampling devices: (i) the minimum
sample volume for an individual discrete sample, (ii) the
limited refrigerated storage capacity, and (iii) the reserve to
account for high flows (rain events) to avoid overflowing or
stopping of the sampling device. However, the choice of an
appropriate sampling interval should be informed by the
expected concentration variability, and not by the limitations
of the sampling device.

To minimize analytical costs, the discrete samples are
pooled to a composite sample, typically already as a result
of the sampling process (collection in one bottle). The result
is a manageable volume of 1-20 L; this volume is then
subsampled to determine that sample’s average concentra-
tionin thelaboratory. The volume of this subsample generally
ranges from 1 mL (for direct injection) to several hundred
mL (for solid phase extraction).

Due to the pooling step and the absence of suitable online
instrumentation, data on site-specific short-term fluctuations
of PPCPs in sewers are, to a large extent, lacking. Based on
recommendations in internationally accepted water quality
monitoring norms the opposite would be expected: “The
times and frequencies of sampling in any programme can
be properly decided only after detailed preliminary work, in
which a high sampling frequency is necessary [...]” ISO, 1980
(I). Maybe preliminary investigations are simply not reported
or not recognized to be sufficiently important (2). The high
analytical costs per sample appear to be another reason:
preliminary work at one location and one point in time may
not be transferable and would have to be repeated, adding
substantial costs to monitoring campaigns without answering
the final research questions.

To our knowledge, only two studies have presented time
series of micropollutants at high temporal resolution in
sewers; and both focus only on benzotriazole contained in
dishwashing detergents (3, 4). The measured time series
proved to show properties similar to those of selected
realizations from a stochastic, predictive model that was set
up to characterize pollutant patterns in sewers (3). Subse-
quently, the model was used to investigate how the com-
bination of PPCP short-term fluctuations and sampling
frequencies affect the representativeness of composite
samples. The results revealed that the evaluation of PPCP
loads in sewers can be prone to significant uncertainty.
Consequently, the application of the modeling approach was
suggested to overcome the constraints of high-frequency
sampling campaigns to determine the appropriate sampling
frequency (4).

Relevant sampling guidelines have existed for decades
(1, 5-7), yet a review of 87 papers comprising 267 different
sewer sites reveals that these published procedures and
methods are neither cited nor heeded (2). As aresult, it is not
understood how accurately the concentration of a chemical
in the influent of a STP is represented by a very small sample
volume (i.e., a fraction as small as 10~ of the large wastewater
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stream). Therefore, we present three approaches to address
three key aims in this study:

1. High-Frequency Grab Sampling. Distinct toilet flushes
and wastewater packets from other household appliances
are expected to determine the highly variable PPCP patterns
in (gravity) sewers. It shall be tested whether individual
wastewater packets can be identified in a continuous
wastewater stream; if yes, their temporal extension shall be
determined.

2. Different Composite Sampling Modes. Relatively long
sampling intervals may not be suitable to representatively
sample for PPCPs in sewers given the unknown and
potentially high short-term concentration variations. The aim
of this part is to provide sound experimental evidence that
commonly applied sampling modes and frequencies can lead
to significant sampling artifacts that can potentially over-
whelm analytical uncertainty.

3. Modeling Study. An existing model is extended to
determine an appropriate sampling mode and frequency in
the planning phase, or to retrospectively assess the sampling
uncertainty of past sampling campaigns.

Our results highlight an aspect of sampling uncertainty
that has not previously been comprehensively addressed in
the context of PPCPs in sewers and influents of STPs (raw
wastewater), and clearly demonstrate that sampling uncer-
tainty can be a dominant source of error. Are these results
relevant to your studies? Given the large variation of unique
catchment properties (sewer systems), the vast number of
micropollutants, the various specific sampling modes and
distinct analytical methods, there are numerous possible
combinations. The presented examples cannot cover the
entire range, but emphasize the need for a careful evaluation
of each individual case. To rule out uncertainties related to
sampling for particulate matter we focus on quantifying
compounds in the dissolved phase to investigate the effect
of temporal (short-term) variations on sampling. Further-
more, in most studies only dissolved concentrations are
measured and reported (8).

Material and Methods

Description of Sewer Catchments. Sewage treatment plant
A is gravity-fed and receives the wastewater from ap-
proximately 100,000 inhabitants connected to a separate
sewer system (negligible surface runoff); the wastewater is
not pumped into STP A. In contrast, STP B (total number of
inhabitants approximately 45,000) receives the wastewater
from a combined sewer system with a total of 71 sewage
pumping stations. One third of the catchment is mainly
pressurized and the wastewater is stored at certain times of
the day in a large retention tank. The other part (%/3) is mainly
gravity sewers. Nonetheless, all wastewater needs to be lifted
at the influent of STP B. The special configuration of the inlet
work at STP B implies high flow variations, yet this config-
uration is expected to reduce the magnitude of short-term
concentration variations. More detailed information, includ-
ing typical diurnal variations (flow patterns), is presented in
Table SI 1 (Supporting Information).

High-Frequency Grab Sampling. Anthropogenic gado-
linium (Gdanm), the Gd used as contrast agent for magnetic
resonance imaging (MRI) (9), was selected as the target
compound for the high-frequency grab sampling campaign
at STP A. The two main reasons were as follows: (i) The
application of Gdane is limited to the use as MRI agent and
even in a catchment of a large STP, only a few toilet flushes
containing Gd,nm are expected. Previous long-term inves-
tigations in the effluent of STP A indicated that daily Gdanm
loads originated from the treatment of one to two patients
with the highest loads of contrast agents corresponding to
midweek applications (10). The elimination half-life of
contrast agents in the human body is 1.3—2 h. Thus, it could
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be expected that >99.9% of a full dose would be discharged
to the sewer over the typical five toilet flushes within 24 h
(I1). (i) Gadolinium can be quantified by ICP-MS at the
107 mol L™ level (12). Maximum influent concentrations
are expected to be up to six orders of magnitude higher in
the most concentrated samples which will depend on the
instantaneous dilution of a toilet flush in the total wastewater
stream. With an instrumental uncertainty of <0.2% and the
variation between triplicate samples of <1% (10), variations
can be attributed to “real” variations and can be easily
separated from the uncertainty due to chemical analysis.

A sampling frequency of 2 min was chosen in order to not
miss any toilet flushes, and to cover a sufficiently long time
period (4 h) with an acceptable total number of samples that
require analysis (n=120). This was based upon the following
system evaluation. At the house, flushing a toilet lasts about
5—10 s. Flowing through the house connection this waste-
water pulse expands to approximately 30 s to 5 min when
entering the main sewer (3). Based on this initial duration,
the sewer layout, and accounting for hydraulic conditions in
the main sewer (effect of dispersion, ref 13), it was estimated
that an individual toilet flush would pass the influent of STP
A within 2.5—10 min. While it was impossible to anticipate
the timing of an MRI treatment and if the patient will be
staying in the catchment or not, the most promising time to
sample was thought to be on a Wednesday between 10 am
and 2 pm (e.g., see Figure 2 in ref 9): if the treatment was to
take place in the early morning, considering the elimination
half-life, the time span until the patient goes to the toilet,
and travel times in the sewer system (estimated to be 1-2 h),
the earliest water packets containing substantial amounts of
Gdane could be expected approximately 3 h after treatment.
If the treatment happened later in the afternoon, it was
expected to still capture some water packets containing Gdanm
from the treatment(s) of the day before.

Different Composite Sampling Modes. The selection of
sampling modes and frequencies was based on ref 2to cover
some of the most commonly applied discretesampling modes
and frequencies in STP or sewer studies (see Table 1). The
following description outlines the concept to understand
the required experimental setup since sampling uncertainty
cannot be studied without making chemical analytical
measurements (14).

The behavior of people and consumption of PPCPs in a
catchment are not constant: pollutant loads (and concentra-
tions) in a sewer vary from location to location and from day
to day (“real” variation). Assuming that no perfect sample
can be obtained in a monitoring campaign, sampling
uncertainty will add some variation to the real variation.
Furthermore, the uncertainty due to chemical analysis—
including transport, preservation, storage, preparation, and
instrumental error—again leads to additional variation. Since
chemical analysis is the last step in the data generation
process, the associated uncertainty can be determined
directly. If a sample is properly preserved and/or analyzed
straight after collection, the concentration of a compound
in this sample can be treated as a constant: with independent
replicates (subsamples) the precision of the analytical method
can be quantified and with standard addition or by spiking
labeled reference compounds the trueness can be enhanced.
In contrast, the daily pollutant loads and the short-term
concentration patterns in a sewer cannot be assumed as
constants, which complicates the quantification of “sampling
precision”. Furthermore, it seems almost impossible to spike
sewers with labeled reference compounds to generate a
realistic PPCP pattern with a known daily mass to assess
“sampling trueness”. Therefore, we applied a continuous flow-
proportionalsampling mode (15) as areference. Conceptually
it is the most accurate (true and precise) sampling mode
when sampling for loads of dissolved compounds. Instead



TABLE 1. Summary of Sampling Modes Applied at Locations A and B Representing Some of the Most Commonly Applied Discrete
Sampling Modes and Frequencies According to a Review of 87 Journal Articles (2) (The Detailed Description and Visualization
for Each Sampling Mode Can Be Found in Ref 2. The Continuous Flow-Proportional Mode Was Applied As a Reference (See Text

for More Details).)

sample volume number of individual

sampling individual, total, samples pooled for

ID modedevice frequency discrete (mL) composite (L) a 24-h composite sample
location A (n = 5 days) A1 flow-prop.? continuous 0.7¢ ~10.9—-18.6° oo

A2 volume-prop.9 1 per 400 m? 200 ~7.6—13.4° ~38—-67°

A3 time-prop.” 1per1h 400 9.6 24
location B (n = 4 days) B1 flow-prop.? continuous 1.2¢9 ~15.5—-17.6° oo

B2  time-prop.” 1 per 20 min 100 7.2 72

B3  time-prop.” 1perdh 400 2.4 6

B4 1 grab sample? NA 1000 1 1

2 Per m® wastewater in the sewer. © Device used: Watson Marlow 520UN (75). ¢ Depending on the daily flow (min. 15,500
m?3 d~', max. 26,600 m?® d~"). 9 Device used: Sigma 900 MAX. ¢ Depending on the daily flow (min. 13,000 m? d~', max.
14,700 m3 d™"). Device used: Sentinel LPG/240. 9 Device used: scoop.

of alimited number of discrete samples it provides a properly
weighted continuum. In statistical terms, this flow-propor-
tional side stream represents the whole “population”, and
is not considered a (discrete) “sample” of the wastewater
stream. Due to the expected, unknown short-term (minutes)
and interday variations of pollutant loads, all sampling devices
must be operated simultaneously to compare the different
sampling modes. The devices were operated over five
consecutive days at STP A and four days at STP B.

The compounds were selected to cover a wide range of
different therapeutic classes and consumption, and were
analyzed as described in SI 2 (samples STP A) and in ref 15
(samples STP B). After chemical analysis, the concentrations
of all samples were normalized to the concentration obtained
with the reference mode of the same day to compensate for
day to day variation. It is assumed that sampling errors and
analytical errors are independent. If the total variation of
normalized concentrations exceeds the variation caused by
chemical analysis, the contribution of the sampling step can
be calculated as follows (variance decomposition):

— 2 _ 2
sampling — \/smtal Schem.anal. (1)

S,
where Sqmpling is the variation attributable to sampling caused
by the discrete sampling modes, S is the total variation of
concentrations normalized to the reference mode, and
Schem.anal. 1S the variation that was determined for chemical
analysis (see SI 2 and Table SI 3A and B).

Modeling Study. Flows at STP influents are dramatically
different depending on the sewer catchment and design, and
can exhibit completely different patterns (see SI 1 and more
examples in ref 2). Ratios of minimum to maximum flows
range from 2.5 to 20 (open channel, gravity flows) or are
even more extreme in the case where intermittently operated
pumps lead from no flow to maximum flows at highest
pumping rates. Only at high temporal resolution does the
flow pattern reveal the relevant information (see SI 1). It can
usually be obtained from online measurements at the STP
of interest. However, for this study, a realistic flow pattern
was modeled, because no STP could provide sufficiently long
time series at the required temporal resolution. The example
modeled in this section is similar to the catchment and diurnal
flow pattern of STP A.

The model presented in ref 3 was applied to generate a
realistic load pattern (mg s™!) which was then divided by the
flow pattern (L s™!) to calculate the concentration pattern
(mg LY. The flow and load patterns were modeled at a
temporal resolution of one second for a period of ten years.
The load and corresponding concentration patterns were

generated for 10, 100, 1000, and 10,000 wastewater pulses
containing the substance of interest (individual pollutant
peaks, e.g., toilet flushes, per day).

To determine the sampling error for a 24-h composite
sample, a 24-h period starting at time twas randomly selected
from the modeled flow and concentration time series. The
“true” average concentration was calculated by multiplying
the flow and concentration at highest temporal resolution
(i.e., 1 s) divided by the total wastewater volume for the
selected 24-h period (see eq 2). In eqs 3—5 the calculation
procedures to mimic the different sampling modes are
presented for a sampling frequency of one sample per hour.

Zci'Fi
Ctruez lT' V= ZFl
i

i=tt+1,t+2,t+ 3,..t+ 86400 seconds (2)

A 1
Ctime-prop.(AT:1 hour) — 71 Z Cy n= 24

1
i=tt+ 3600, r+ 7200, ..., t + 86400 seconds (3)

1 1%
Cvolume-propA(AV:1-h0ur-eq.) - 71 Z Cp X= E’ n=24

1
i = points in time determined by flow variation every
x cubic meters (4)

i

i
i=tt+ 3600, ¢+ 7200, ..., t + 86400 seconds (5)

Cﬂow-prop.(AT:1 hour) — y Ujoc Fi’ n=24

where iis the time step, tis the start time of the 24-h period,
cis the instantaneous concentration in a discrete sample, F
is the flow in the sewer, C is the average concentration in
the composite sample, and v is the volume of a flow-
proportional discrete sample. The relative sampling error is
calculated according to eq 6.

C,

true 'sample
(6)

relative sampling error = c

‘true

Repeating this procedure for 1000 randomly selected, not
overlapping 24-h periods was found to result in a stable
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FIGURE 1. Flow rate (gray, measured online) and anthropogenic gadolinium (Gd,.,) loads (circles, grab samples at 2-min time
intervals) in the influent of STP A. The flow slowly decreases from over 400 to 300 L s™' over the sampling period. Short-term
variations of the flow rate (approximately +10%) are caused by the intermittent operation of the fine screen in the effluent of the
primary clarifier where flow is measured. Therefore, these oscillations do not occur in the influent where samples were collected.
The time shift of the flow signal was estimated to be less than 5 min and did not affect the sampling in the sewer.

sampling error distribution for each combination of sampling
modes and sampling frequencies.

Results and Discussion

High-Frequency Grab Sampling. The pattern of anthropo-
genic gadolinium (Gd,nm)—determined from 120 grab samples
collected at 2-min time intervals in the influent of STP A and
analyzed by ICP-MS (10, 12)—shows four distinct concentra-
tion peaks. The remaining samples have smooth rare earth
element patterns with Gd,,, concentrations below the
detection limit (loads are therefore <4 x 10~° gmin™! (Figure
1)). The shapes and durations of peak 2 and 3 were as
expected; they lasted 4—8 min. This is in the predicted range
of 2.5—10 min. Peaks 1 and 4 extend over 15—20 min and
reveal a double-peaked shape, each peak with similar
maximum concentrations. It seems very unlikely that two
independent toilet flushes, related to two different inhabitants
in the catchment would temporally coincide and occur at
almost the same time with the same load in the influent of
the STP. A more plausible explanation was observed 500 m
upstream from the STP where all sewage flows into a small
chamber (a short pressurized section), entering at the bottom,
flowing up to the surface before falling over a weir to the last
section of pipe to the STP (again open channel gravity flow).
Visual observations of large particulate matter confirmed
the following, hydraulically variable behavior: when the water
stream surfaces, some particles flow almost directly over the
weir, while other particles are diverted to the rear part of the
small retention basin. The wastewater from a toilet flush
may therefore fall over the weir as a whole water packet
(peaks 2 and 3), or may be split and partially retained before
flowing farther downstream (peaks 1 and 4).

A typical dose of 15—30 mg kg ! is standard for almost all
contrast agents resulting in a total of 1—3 g Gdanm applied
to a 70—100 kg adult person. The total Gd.,s mass in peak
4 is approximately 0.7 g; relating to about '/,—!/, of the mass
typically administered to an adult patient; the corresponding
treatment is expected to have taken place on the morning
of the sampling day. The first three small peaks (p1 =0.04 g,
p2=0.01g, p3 =0.004 g) earlier in the day are likely to relate
to the release of residual Gd.,g from the patient(s) treated
on the previous day.

Most pharmaceutical residues (parent compounds and
metabolites) are flushed into the sewer system via toilets,
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bathing water, and wastewater from washing machines (16).
If only a few such wastewater pulses are expected over the
course of a day, it is evident that a very high sampling
frequency is necessary to capture these pulses; either to obtain
a time series revealing the real short-term fluctuations, or to
capture a representative composite sample from which it is
possible to determine an average concentration and calculate
arepresentative daily load; and even hundreds to thousands
of pulses per day result in highly fluctuating patterns (see
measured benzotriazole time series in ref 4). Therefore, the
main message is: if the dynamics for the substances of interest
in the sewer system were not properly assessed in a pre-
experiment, a precautionary high sampling frequency (<5
min) is necessary for minimizing sampling uncertainty. This
also holds true for composite samples and more commonly
used compounds (see next paragraph and refs 2 and 5 for
more details and other solutions).

Different Composite Sampling Modes. In Figure 2, the
results for three different compounds sampled for at the
influent of STP B are plotted. The results for all compounds
at STP B and STP A are summarized in the Table SI 3A and
B. Subsequently all steps of the statistical evaluation are
described for ranitidine (a histamine blocker) as an example:
observed ranitidine concentrations were between 0.5 and
1.1 ug L7! (Figure 2, left column). Observed day to day
variations expressed as single standard deviations were
between 25% and 28% for sampling modes B1, B3, and B4
and 10% for sampling mode B2 (time-proportional, Af= 20
min). With sampling mode B1 (flow-proportional, continu-
ous) the highest ranitidine concentration was measured on
day 4, followed by the concentrations on day 1, 3, and 2. The
reverse order of concentrations was obtained with sampling
mode B4 (one grab sample per day).

Imagine the following situation: the four sampling devices
were operated by four independent researchers, all analyzing
their samples with the same method. Each researcher would
have reached different conclusions for their studies, ranging
from “no significant day to day variation” (B2), “highest
concentration on day 4” (B1) to “highest concentration on
day 2” (B4) or somewhere in between (B3). If a reader only
read one study or did not know that the data were obtained
atthe samelocation over the same period—and consequently
should have resulted in the same values on a particular
day—probably all individual conclusions would have ap-
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FIGURE 2. x-axis: Sampling modes: B1 = flow-proportional, continuous; B2 = time-proportional, At = 20 min; B3 = time-
proportional, At = 4 h; B4 = one grab sample. Left: Observed concentrations for three compounds in the influent of sewage
treatment plant B. Middle: Concentrations normalized for each day to sample B1. Right: Total variation (black), variation to be
expected due to chemical analysis (white), and variation attributable to sampling artifacts (gray).

peared to be plausible. Unfortunately, most of the available
current literature can be considered to “appear plausible”
but there is insufficient evidence presented in most papers
to evaluate whether the authors have actually captured a

representative sample (2).

Conceptually, sampling mode B1 is the most appropriate
to assess loads, as can be seen from eqs 2 and 5. Therefore,
concentrations of each day were normalized to the con-
centration in the corresponding sample of B1 (see Figure 2,
middle column). As per definition, the normalized B1 values
are now all 100% and the corresponding concentration
variation over the four days becomes zero. The variation of
the normalized concentrations for the other sampling modes
clearly increases with decreasing sampling frequency: 23%
(B2),39% (B3), and 47% (B4). The estimated variation caused
by chemical analysis for ranitidine is 20% (see SI 2 and Table
ST 3B). While the variation due to chemical analysis was
“eliminated” with the normalization step for the Bl con-
centrations, it needs to be subtracted from the total variation
according to eq 1 (variance decomposition). The remaining
variation can now be attributed to sampling: 12% (B2), 34%
(B3), and 43% (B4) as charted in Figure 2 (right column). The
normalization step could also have been carried out with B2,
B3, or B4. The results would have been in a similar range,
revealing discrepancies among the different sampling modes

(data not shown).

The evaluation of iopromide (an X-ray contrast media)
shows similarities to and differences from the ranitidine
example. The decreasing sampling frequency also results
in a clear increase of variation. Furthermore, there is also
one day (day 3) on which all sampling modes resulted in
more or less the same concentrations. This shows that
even a “lucky grab sample” or a low sampling frequency
could have resulted in the same “average” concentration
and the conclusion on day 3 would have been the same
for all sampling modes. However, if sampling was only
done on one day without the comparative sampling modes,
we would not know if we were lucky or not. It is known
that iopromide is expected to be excreted only by a very
small number of patients in catchment B, and hence only
a few wastewater pulses, i.e., toilet flushes, contain this
substance (see also gadolinium as an MRI agent in the
High-Frequency Grab Sampling section). Therefore, the
systematic underestimation of iopromide concentrations
is plausible: depending on the distribution of only a few
peaks and the (small) number of samples pooled over a
day, it is more likely to miss some peaks and sample more
“zero concentrations” rather than hitting a peak concen-
tration which could lead to an overestimation of the daily
average concentration. In such cases even averaging long-
term observations would not result in an unbiased estimate
of real iopromide loads.
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TABLE 2. Classification of Variations Caused by Sampling (Ssampiing = Ss) for STP A and STP B (See Text for More Details)

Ss < 10%
STP A total 60 cases (100%) 9 (15%)
STP B total 69 cases (100%) 42 (61%)

10% < ss < 20% 20% < ss < 30% ss > 30%
20 (33%) 18 (30%) 13 (22%)
9 (13%) 8 (12%) 10 (14%)

In the third example the total observed variation for
carbamazepine (an antiepileptic drug) did not exceed the
variation due to chemical analysis and hence, no variation
could be attributed to sampling. Still, a consistent, slight
increase of variation with decreasing sampling frequency
canbe observed. Although carbamazepine is typically widely
applied—and therefore expected to be present in a large
number of toilet flushes—it does not imply that the choice
of sampling mode for carbamazepine does not need atten-
tion: (i) In a much smaller catchment there will only be a few
pulses and sampling artifacts could occur (see also Modeling
Study). (ii) The results at the influent of STP A show that even
in a larger catchment a substantial part of the observed
carbamazepine variation can be attributed to sampling
uncertainty (Table SI 3A). The following two reasons are
plausible explanations: (a) In the catchment and inlet works
of STP A concentration variations are not attenuated due to
retention basins or pumps; which contrasts with STP B, where
!/5 of the wastewater is stored in a large buffer tank and all
wastewater was pumped at least once (see SI 1). (b) Due to
a change in the chemical analysis, the variation attributable
to chemical analysis for carbamazepine at STP A was lower
than for the samples from STP B (see SI 2). Therefore, almost
all observed variation can be attributed to sampling
uncertainty.

Thirty compounds were detected above the limit of
quantification at STP A; for the two tested sampling modes
A2 and A3 a total of 60 variations were calculated (deviation
from the reference sampling mode Al). The variation caused
by sampling was larger than 20% (up to a maximum of over
100%) in more than half of all cases (31) and only in 9 cases
was it smaller than 10% (see Table 2). At STP B 23 compounds
and three sampling modes resulted in 69 calculated varia-
tions; in 1/, of all cases (18) was the variation caused by
sampling larger than 20%. Note: The presented values are
only single standard deviations determined from samples of
multiple days. Sampling errors for an individual day can be
significantly larger (see also Figure 3)!

The individual values for the different compounds,
locations, and sampling modes are listed in Tables SI 3A and
B but are not so important since they cannot be directly
transferred to any other sewer or influent of a STP. Sampling
uncertainties for similar or other compounds highly depend
on the site-specific boundary conditions. The main message
is: different, commonly applied composite sampling modes
which were presented as appropriate in previous literature
to obtain a representative average sample from wastewater
in a sewer are likely to lead to unreal variations (sampling
artifacts), which is an unnecessaryloss of environmental data
quality.

Modeling Study. The error estimation model (4) men-
tioned in the Introduction suffers from two limitations: (i)
The tested sampling intervals are shorter (Az = 1—30 min)
than the ones generally applied (Az > 30 min) (2). (ii) The
effects of flow variations were not assessed and only one
sampling mode was tested (time-proportional). Therefore,
longer sampling intervals and additional sampling modes
were investigated in this study.

From the modeled ten-year period, 1000 independent
24-h sections were selected randomly. An example for a 24-h
section of the flow pattern and two concentration patterns
(approximately 10 and 10,000 individual pollutant peaks per
day) are charted in Figure 3A. Relative sampling errors for
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the different sampling modes are charted in Figure 3B—D.
Two general observations hold true for all sampling modes:
(i) the sampling error increases with a decreasing number
of wastewater pulses containing the substance of interest;
and (ii) the sampling error also increases with decreasing
sampling frequency. Note: The errors charted in Figure 3B—D
are average values as single standard deviations from the
error distributions. Therefore, the sampling error for one
sample on an individual day can be significantly larger (see
examples in Figure 3E—H).

The error distributions are only symmetric, and hence
unbiased, for the flow- and volume-proportional mode (gray
symbols in Figure 3C and D), except for the patterns with 10
pulses and long sampling intervals (Af = 1 h). The time-
proportional sampling mode does not weight individual
subsamples according to the flow and is never unbiased for
the presented combination of diurnal flow and concentration
patterns (Figure 3A). As can be seen from the error distribution
in Figure 3E pollutant loads are on average underestimated
when flow and concentrations are positively correlated. This
systematic error cannot be avoided with higher sampling
frequencies in the time-proportional mode. The volume-
proportional mode—commonly mistakenly referred to as
flow-proportional (2)—does not weight the individual sub-
samples according to the flow either, but partially compen-
sates for this deficiency with more samples during high flow,
and less samples during low flow, respectively (compare
Figure 3B—D at 10,000 pulses per day). Theoretically, the
flow-proportional mode is the only mode properly weighting
the individual subsamples of a composite sample. Its accuracy
only depends on the sampling frequency. When sampling
for a compound that is contained in only a small number of
wastewater pulses, a discrete flow-proportional sampling
mode with low sampling frequency on average also under-
estimates the load (white symbols in Figure 3D). For such
compounds a very high sampling frequency is indispensable
irrespective of flow pattern and sampling mode.

Gadolinium serves as a good example, since it was not
only measured in the high-frequency sampling campaign
but also for the comparison of different composite sampling
modes at STP A (see Table SI 3A). The number of wastewater
pulses per day containing Gdanm is known to be between five
and ten. The daily comparison of the volume-proportional
mode (A2) with the continuous flow-proportional mode (A1)
reveals the following experimentally derived differences due
to sampling: —74%, +6%, +235%, +30%, and +36%. These
values (stars in Figure 3G) resemble plausible realizations of
the sampling error distribution, which is the most similar
example from the modeling study. While the experimentally
determined standard deviation for these five values is 114%
(Table SI 3A) the average deviation expected from the model
is 55% (black square in Figure 3C). The modeling study
showed that approximately 1000 24-h periods need to be
evaluated to derive a stable sampling error distribution.
Therefore, it is obvious that four or five sampling days cannot
describe the whole distribution. This is emphasized with the
results from the time-proportional sampling mode. The
experimentally derived differences compared to the reference
sampling mode Al for gadolinium are —55%, —40%, —45%,
—25%, and —4% (stars in Figure 3E). Although the standard
deviation of these values (20%) is five times smaller than
expected (almost 100%, see circle in Figure 3B for 10 p d ™)
and suggests the experiment to be better than predicted with
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FIGURE 3. A: Flow and concentration patterns (approximately 10 and 10,000 pulses per day (p d~')) for a 24-h section out of a
ten-year period modeled at 1-s time intervals. B—D: Evaluation of sampling error for 1000 randomly selected 24-h periods for three
different sampling modes and four different sampling frequencies. (*Note for C: In the case of the volume proportional sampling
mode, the sampling frequency is variable; samples are taken every x cubic meters, during high flow more samples are collected
than during low flow. To make a meaningful comparison x was selected to result in the same number of individual discrete samples
per day as were used for the other two sampling modes with fixed time intervals.) Gray symbols indicate the combinations which
lead to a symmetric, unbiased distribution (median = 0). E—H: Distribution of sampling errors for the combinations indicated with
the solid black symbols in B—D (stars in E and G represent the experimentally determined sampling uncertainties for gadolinium at

STP A, see text for more details).

the model, it is clear that the daily gadolinium loads were
systematically underestimated (average —34%). While ga-
dolinium may be seen as a “worst case” we selected it
deliberately as an illustration through all approaches.
Transferability of Results to Other Catchments, Com-
pounds, and Analytical Methods. The first two approaches
presented in this study are not meant to be repeated in future
studies due to the substantial analytical costs for high-
frequency sampling and the high logistic effort for comparing
different sampling modes. They were selected to demonstrate
(i) the potential high (short-term) variability of PPCPs at the

influent of a STP and (ii) the magnitude of sampling artifacts
(from “not significant” to “>100%”) when composite samples
are obtained with traditional sampling modes and frequen-
cies. In future studies sampling uncertainty should not be
determined with a large effort, but minimized with a small
effort. The required sampling frequency to maximize rep-
resentativeness of composite samples is mainly influenced
by the number of distinct wastewater packets in a sewer or
at the influent of a STP. In open channel gravity sewers these
water packets originate from household appliances (e.g., toilet
flushes) and the number containing the substance of interest

VOL. 44, NO. 16, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 6295



depends on the number of users/patients. If this information
can be collected for all compounds before sampling, and if
the smallest number of pulses to be expected is known, the
modeling approach can be used to determine the appropriate
sampling frequency, ideally in a flow-proportional mode to
properly account for flow variations (Figure 3D). If this
information is not available before sampling, a precautionary
high sampling frequency (<15 min) is advisible. In pressurized
sewers the number of pulses is influenced by the (intermit-
tent) operation of pumps and the frequency needs to be
shorter than the shortest pump events that can be expected,
in order to capture all water packets from whole subcatch-
ments. A more detailed guide on selecting the appropriate
sampling mode, frequency and other aspects related to
sampling can be found in ref 2.

When sampling for moving streams the whole cross
section should be considered (17). However, no technical
solution exists to perform this type of sampling, and we have
to assume complete mixing of dissolved compounds; oth-
erwise all PPCP sewer studies need to be questioned since
sampling devices pump samples through a hose from one
point in the cross section. For this study we focused on the
analysis of the dissolved phase (assuming complete mixing
over the whole cross section). To have a representative
experimental reference, one set of samples was obtained
with the continuous flow-proportional sampling mode.
However, this mode may be less suitable for long-term
monitoring because of the requirement for frequent sampler
maintenance to minimize potential biofilm growth in the
sampling hose. Furthermore, when sampling for particulate
matter this mode cannot be applied meaningfully at all.
Additional factors such as hose diameter and length, sampling
velocity, distribution of particulate matter over the cross
section (e.g., 18), fractions to be analyzed for, dry vs wet
weather flow, etc., and homogenization of sample before
analysis must be considered (e.g., 19). The resulting overall
sampling and analytical uncertainty may be significantly
larger than presented in this study. Furthermore, our
experimental setup (simultaneous sampling at one location),
chemical analysis (all samples analyzed in one run), and the
comparison of ratios (relative differences) provided a unique
approach to determine sampling uncertainty. How significant
the sampling uncertainty will be in other sewer systems will
highly depend on the catchment characteristics and a
combination of sampling mode, frequency, and the method-
specific analytical uncertainty for the compounds under
investigation. This emphasizes the need for a thorough site-
and case-specific systems analysis and is the responsibility
of each research team. Sampling must be an informed choice
and should not only be based on the convenience of an
available device. The examples presented in this paper
demonstrate that sampling uncertainty exists, and can be
relevant in the context of evaluating full-scale PPCP fluxes
in sewers. The effort to reduce sampling uncertainty is
relatively small, and should be undertaken irrespective of
how it compares to analytical uncertainty. This will improve
the reproducibility of results and avoid (potentially unrec-
ognizable) sampling artifacts.
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