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Effects of sampling techniques on physical
parameters and concentrations of selected

persistent organic pollutants in suspended matter

Thorsten Pohlett ~ Gudrun Hillebrand Vera Breitung
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Abstract

This study focusses on the effect of sampling techniquesuspended matter
in stream water on subsequent particle-size distributimhcamncentrations of total
organic carbon and selected persistent organic pollutartie key questions are
whether differences between the sampling techniques arealthe separation
principle of the devices or due to the difference betweerproportional versus
integral sampling. Several multivariate homogeneitystestre conducted on an
extensive set of field-data that covers the period from 2002007, when up to
three different sampling techniques were deployed in fmrat four monitoring
stations of the River Rhine. The results indicate homodgrier polychlorinated
biphenyls, but significant effects due to the sampling tepes on particle-size,
organic carbon and hexachlorobenzene. The effects can pkfiachdepending

on the site characteristics of the monitoring stations.

*Federal Institute of Hydrology (BfG), Am Mainzer Tor 1, D@8 Koblenz, Germany, E-mail:
pohlert@bafg.de, Tel: +49 261 1306 5454, Fax: +49 261 1306 5363
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1 Introduction

The requirements regarding the data quality of existing @adned monitoring pro-
grams for suspended matter (SPM) quality increased wittatest decades. Currently,
the collection of SPM in stream water for subsequent trawdyais is fundamental
for (i) the monitoring of the long-term development of SPMatjty regarding the ef-
ficiency control of environmental policies, as well as theéeddon of land-use and
climate change impact on SPM-quality(ii) process-oriented studies about sediment
source apportionmeft (iii) the calibration and validation of hydrodynamic tsport
models, (iv) the approval procedure and monitoring of sedimentigieg activities in
streams and impoundments, and (iv) forensic investigatiometect actual emitters.

The techniques for collecting SPM developed over the pasadies: e.g. in the
1980s, several hundreds of liters of water needed to be thkemthe stream and
SPM was consequently separated off-site by time-consusg@dgnentation in specific
tanks*® or by centrifuges in laboratori€smodified plankton nets were used for SPM
sampling under low-flow conditions in small stream€urrently, sedimentation tanks
are used in Germany in order to collect suspended matteinmeaihtegrated way for a
retrospective analysis of contaminants in the German Bnwiental Specimen Bafik
Pioneering studies on the inter-comparison of several &ialtllaboratory centrifuges
for the suitability in nationwide or international SPM-djt\amonitoring programs date
back to the early 19904°. However, at this time only a limited set of data and sam-
pling devices were available for the inter-comparison.

We therefore analyzed an extensive dataset that coversetieddrom 2002 to
2007, when three different, well established samplingaks/for the collection of SPM
(i.e. continuous-flow centrifuge, floating collector andiseentation tank) operated in
parallel under field conditions, which has not been donereefdhe objective of our
study is to test the aforementioned sampling devices fordymmeity with respect to
the subsequently analyzed particle-size distribution @mmtentrations of both total
organic carbon and selected persistent organic pollut&sfocus on two particular

guestions, i) are mean differences between the devicdedelatheir separation prin-
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ciple, or ii) are mean differences related to the differebetwveen time-proportional

sampling versus integral-composite sampling of SPM?

2 Research Area

The research area covers the main stretch of the River Rlfige (1.) between
Weil (Rhine-km 174) and Bimmen (Rhine-km 865). The focusha$ tstudy is on
the particle-size distribution (PSD), total organic carf@OC), hexachlorobenzene
(HCB), pentachlorobenzene (PeCB), several PCB congeRéB-¢8, PCB-52, PCB-
101, PCB-118, PCB-138, PCB-153) and the sum of the aforéoresdt PCB congeners
(>PCB). We selected HCB and PCB-153 in particular because tt@sipounds are
relevant contaminants for SPM and sediments in the Riven&hirhe environmental
objectives for SPM-quality in terms of particle-bound centations (c) that were in-
troduced by the International Commission for the Proteobithe River Rhine (ICPR)
for HCB/ug kg ! (c < 40) and PCB-153/g kg~! (c < 4) are frequently exceeded at
several monitoring stations.

Contaminations of HCB in SPM of the River Rhine originateahfrhistorical direct
inlets of a chemical plant located at Rheinfelden (High Rhiduring the 1970s and
19808, Although direct emissions have stopped many years agointheunded
river stretch of the Upper Rhine, where contaminated sedlisn@re trapped, acts as a
secondary source for particle-bound HCB due to flood eventslaedging activitie¥.
As opposed to HCB, PCBs are ubiquitous compounds in the Riére catchment,
although the production and direct emission into the streaters have stopped since

the early 1980s.

3 Sampling techniques

3.1 Centrifuges

Continuous-flow centrifuges (CE) with single tubular chambowls (Fig. 2) are rou-

tinely deployed to instantaneously take SPM-samples aRiher Rhine. The sam-
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pling is conducted at one single point (between 0.8 m and llawkbe water surface)
within the cross-section of the river. The CE is operatedhispin of 16,000 mint
and a flow rate of 1,000 L 1 to ensure a high separation rate of 86% to 98%
Sampling time of 10 to 12 hours is regulated in such a way, ahaifficient amount
of SPM (i.e. > 20 g of wet SPM) is collected for subsequent chemical arglygsid
depends on the actual suspended sediment concentrationt(i®)stream water. SPM
is collected on the outer surface of the centrifuge bowl thabated with a lining of

polytetrafluorethylene (PTFE) to minimize decontaminatad ease cleaning.

3.2 Floating collector

Floating collectors (FC) are integral samplers that ara userder toin-situ sample
large amounts of composite SPM-samples (5800 g of wet SPM) within periods
of several days to several weeks. A wide range of isokinetet rron-isokinetic FC-
types are operated on an international I&¥ghowever, in this study we used the FC-
type Binnensammle(Fig. 3) - a development by the Federal Institute of Hydrglog
(BfG)'4. The body of this specific FC has a streamlined shape witha legth
of 1050 mm and a diameter of 250 mm. The length and diameteneofriet are
104 mm and 8 mm, respectively. Two vertical fins at the bottoh the posterior of
the FC ensure a stable position that is antipodal to the fleaction of the stream.
The funnel-shaped interior of the FC serves as a sedimentpsin as the SPM/water
mixture is diverted from a horizontal to a circular flow pattevhich increases the
retention time for sedimentation. The SPM is then trappeal sampling flask that is
located at the bottom of the FC, and the water leaves the FQghrthe orifices at the
posterior. The separation rate of the FC is difficult to deiae because this device is
operated under unsteady flow conditions. Furthermore céidraation of SPM towards
a collection of coarser particles is likely as the princifile separation of the FC is
based on sedimentation and, thus, on the settling velo€ipadicles and flocs. For
this study, the FC were fixed at buoys and landing stages aigéegpoint within the

cross-section in a sampling depth of 1 m below the water serfa
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3.3 Sedimentation tanks

For this study, sedimentation tanks (ST) were instadleeituin two monitoring sta-
tions. Similar as compared to FC, these integral samplersl@signed for collecting
SPM over periods from days to months. The ST comprises a duaok (1 mx 1 m

x 0.4 m) made of polymethyl methacrylate (PMMA) with a slopexdtom (Fig. 4).
The constant low in-flow of the SPM/water mixture is faciéd with a continuously
operating pump that is placed at one point within the cressien of the river in a
depth of 1 m. The pump ensures a constant water level of 800mtine isedimentation
tank in order to collect large amounts of composite SPM-dams the separation of
the SPM/water mixture is also based on sedimentation, wigparted separation rate
of 20 % to 40 %°, a fractionation towards particle-sizes with higher saftivelocities
is likely. The mass of collected wet SPM using ST is compa éblithe mass of wet

SPM collected with FC.

3.4 Time-proportional versusintegral sampling

As collected SPM in both integral samplers (ST and FC) issstarside the devices for
several days to weeks prior to the chemical analysis, a pateecay of chemical con-
stituents of SPM (e.g. particulate macro-nutrients, TQdlatie organic compounds,
and hydrophilic organic compounds) is possible.

Furthermore, the final concentration of given contaminairt a composite SPM
sample collected under unsteady flow conditions is a mixiite unequal amounts
of SPM (i.e. the composite sample does not comprise of dédyats; thus integral
SPM-sampling is not time-proportional). As the amount dfestied SPM in an inte-
gral sampler increases with S in stream water, the condantraf x under high S will
have a higher weight on the final concentrationyoin the composite SPM-sample.
Consequently, three effects are possible: iy l&nd S are positively related, the final
concentration ofy in the composite SPM for a given period is higher than théarit
metic mean (i.e. temporal average)fwvhen SPM was instantaneously sampled at

discrete dates within the same period. iixl&nd S are inversely related, thgnn the
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composite SPM is lower, than the temporal averagg.aifi) No effects are expected

if there is no significant correlation betwegrand S.

4 Suspended matter quality data and statistical analy-
Sis

An extensive dataset with a total nf= 497 records per parameter was compiled for
this study using (i) published data from the existing Rhinenitoring program of the
ICPR (www.iksr.de)and (ii) SPM-quality data from additional monitoring pragns
that were conducted by the BfG within the period 2002 to 2008ble 1 provides
the selected locations and the equipment of the SPM-qumalityitoring stations at the
River Rhine.

Due to the configuration of parallel measurements, theeedttaset was divided
into three sub-sets for further multivariate testing. Autatially, there was one short-
term dataset available for the period 19. January 2005 tdvich 2005 that covers
a flood event at the SPM-monitoring station Koblenz, when €Eand FC operated
in parallel. The integral samplers ST and FC consistentigcted SPM on a monthly
basis in these field experiments. Furthermore, one long-tiataset (1990-2008)
of the routine SPM-quality monitoring program for the Idoas Weil, Karlsruhe-
Lauterbourg, Koblenz and Bimmen was used for corelatioryaigin order to test

the impact of time-proportional versus integral sampling.

4.1 Physico-chemical analysisof suspended matter

The chemical analysis of particle-size distribution, kotganic carbon, chloro-organic
compounds and polychlorinated biphenyls (PCBs) was dotaraxral by certified

laboratories on behalf of the maintainers of the SPM-quatitions (i.e. BfG and en-
vironmental agencies of the German Federal States). THeyabanalytical methods

were in accordance to national standard procedures.
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4.1.1 Granulometry

The method for gravimetric determination of PSD in this gtigdequivalent to a stan-
dard procedure for sediment fractionation in the BfG. 20 ghef freeze-dried bulk
samples of SPM are repeatedly sieved through a cascadeses siith mesh sizes of
2000pum, 630um, 200um, 63 um and 20um with the aid of agate pellets in an ultra-
sonic bath. The percolate of the 2on sieve is trapped with a flask and the remaining
SPM/water mixture is de-watered with a laboratory cengréfdor 15 min. at 2000 -
3000 g. The filter residues and centrifuge residues are then-dried at 105C and

weighted®.

4.1.2 Total organic carbon

TOC in the freeze-dried SPM sample was analyzed with an eltahenalyzer after dry
combustion with subsequent infrared detectiorinorganic carbon of the sample is re-
leased prior to the IR-detection through acidifying the SBample with hydrochloric

acid.

4.1.3 Chloro-organic compoundsand polychlorinated biphenyls

The analytical methods for the determination of chloroamig compounds and poly-
chlorinated biphenyls (PCBs) are in accordance to natistamidard procedure$§:
The bulk SPM-samples are first freeze-dried and subseguauitlerized to particle-
sizes ofD < 100um. Acceptable extraction methods that are deployed by thiied
labs are the soxhlet, the accelerated solvent extractidheanicrowave method using
a solvent of n-hexane/acetone of 2:1. Clean-up comprieathient with concentrated
sulfuric acid and cleaning with several different adsotbém a chromatographic col-
umn using n-hexane as eluent. Finally, the chemical arsiysione with coupled gas

chromatography / mass spectrometry (GC/MS).
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4.2 Statistical methods

The statistical analysis was conducted with the R-softvparekage® in a stepwise
fashion using descriptive summary statistics, two-waylyais of variance (two-way
ANOVA) to globally test for homogeneity and the least sigréfit difference test
(LSD-test) as ara-posterioritest for the detection of significant differences between
the SPM collection techniques. Interaction plots were tooted that aim to ease the
interpretation of the empirical findings. The correlati¢8pearman’s rank correlation

coefficientrs) between the parameters were calculated and tested foficigrte.

4.3 Sub-sets of data

4.3.1 Onesampling location and three sampling devices (Short-term period: 19.

January 2005 to 26. Mar ch 2005)

During the period 19. January 2005 to 26. March 2005 thregbagdevices - CE,
ST and FC - operated in parallel at the SPM-quality monitpsitation Koblenz. SPM-
samples were taken with CE on a daily basis and analysed f@, R€Bs, HCB and
additionally PSD, which is usually not the case for CE-sa®ph routine measure-
ments. Furthermore, data on daily mean flow (Q) were availéd this period and

location.

4.3.2 Four sampling locationsand two sampling devices (Period: 6. May 2005to

31. December 2005)

We conducted a two-way ANOVA with a4 2 layout in order to test the effects of four
sampling locations and two sampling devices (main effez$sivell as the combined
effect (interaction term) for the period from 6. May 2005 tb. 3December 2005
(n=424). The first factor “location” comprises the monitorirtgtions Weil k; =
220) , Karlsruhe-Lauterbourd{ = 143), Koblenz k3 = 39) and Bimmenk,; = 22)

in downstream direction. It should be noted that at Karlsruhuterbourg the device
FC was installed about 19 km upstream of the device CE (TapleHbwever, we

treated this configuration as one single location. The stactor “device” comprises
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data grouped by the two devices Ch & 260) and FC 164 j, = 164). The two-
way ANOVA was separately conducted for particulate TOC dradforementioned
contaminants.

We favored the parametric two-way ANOVA because the testguas higher than
for non-parametric tests. A further advantage is that the combined effect (i.e. inter
action: Locatiornx Device) can be tested as different concentrations of cantats in
SPM that are attributable to the sampling devices may onlgrbsent or amplified at
specific locations. This aims to ease the interpretatiorcandlusion of the subsequent

results.

4.3.3 Two sampling locations and two sampling devices (Period: 9. July 2002 to

4. June 2007)

We conducted a two-way ANOVA with a2 2 layout usingn = 310 data collected in
the period between 9. July 2002 to 4. June 2007 in order tatteseplicability of the
previous findings of the 4 2 ANOVA (Sect. 4.3.2). The factor “location” comprises
Weil (k; = 183) and Karlsruhe-Lauterbouig(= 127) and the factor “device” consists
of CE (j; = 187) and FC 164jp = 123).

4.3.4 Two sampling locations and three sampling devices (Period: 19. January

2005 to 21. December 2005)

Finally, we conducted a two-way ANOVA in order to test theeeff of two “locations”
Koblenz ; = 49) and Bimmenk, = 31), as well as three “devices” Cly (= 37), ST
(j2=21) and FC [ = 22).

The LSD-test was used after each global homogeneity test.(8€3.2 to 4.3.4)
to test for significant differencep (< 0.05) of mean particle-bound concentrations per

sampling device in order to rank the results.

4.35 Bi-variatecorrelations(Long-term period: 1990 to 2008)

We compiled an additional dataset that covers the perio® 1®2008 with bi-weekly
records of flow (Q), S and concentrations of HCB, PCB-138 a@8-253 in SPM
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in order to test the bi-variate correlations after Spear(ngnbetween the aforemen-
tioned variables. It should be noted that these SPM-sam@estaken instantaneously
with CE at the monitoring stations Weil, Karlsruhe-Lautauby, Koblenz and Bim-

men, which makes a correlation analysis between the aforéoned variables mean-
ingful. This additional statistical analysis is used foe thterpretation whether mean
differences between the sampling techniques are likelytaltiee obtained composite
SPM-sample using time-integral sampling (i.e/ri| > 0.5) or due to the separation

principle of the devices.

5 Results

5.1 Descriptive summary statistics

The range of HCB is about one to two orders of magnitude higaéne range of PCBs
in SPM of the River Rhine (Table 2). The analytical resulisfeCB, PCB-28, PCB-
52, PCB-101 and PCB-118 were frequently below the limit cdrgfification (Table 2).

Thus, we excluded these parameters from further multitatesting. In contrast, the
concentrations of PCB-138 and PCB-153 in SPM were in a ramgewas adequate
for chemical analysis and, hence, for further statistieating. Yy PCB was calculated
by summing up the concentrations of the analysed PCB-cargeHalf of the limit of

guantification was taken into account for those cases, wbeoantrations were below

this limit (Table 2).

5.2 Onesamplinglocation and three sampling devices (Short-term

period: 19. January 2005 to 26. March 2005)

The collected SPM (19. January 2005 to 17. May 2005 at Kobleranly consists
of silt, as the percent by weight ranges between 74% to 99%eir:t63 um fraction
for all devices (Fig. 5). According to the one-way ANOVA, tkampling devices
have a highly significant effect on mean collected partfif, Dyean F(2,34) =
37.10, p < 0.01,n? = 0.69. The devices can be ranked accordin®iga/um into

10
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FC (582+2.89) > ST (41.5+1.14) = CE (421 +0.69), as indicated by the LSD-
test on the level op < 0.05. Furthermore, in the fraction of fine sand (6200 um)
the highest median percent by weight was present in SPM{sanap FC (16.3 %)
followed by ST (6.3 %) and CE (1.0 %).

The daily variability ofDyean, TOC, HCB, andy PCB within the period 19. Jan-
uary to 26. March 2005 at Koblenz is low, as indicated by thy &PM samples col-
lected with a CE (Fig. 6). Although a flood event occurred @#&bruary to 5. March,
Fig. 6 A) with a peak-flow of 4000 s, there is hardly any effect on the concentra-
tions of the constituents in SPM that was collected with al@@&veverDyeanin SPM
collected with FC is higher (Fig. 6 B), and the HCB concemrabf the composite
sample of SPM increases during the rising limb of the aforgioaed flood event (Fig.

6 D).

5.3 Four sampling locations and two sampling devices (Period: 6.

May 2005 to 31. December 2005)

Only the first main-effect “location” is significant fgf PCB (F(3,75) = 326, p <
0.01,n? = 0.56; Table 3). The second main-effect (“device”) and theranttion effect
are not significant. This is confirmed by the interaction oty PCB that clearly de-
picts an increase of mean concentration§ BICB in SPM from Weil to Bimmen (Fig.
7 A), but there are no trend lines for “device” (Fig. 7 B). Henthe sampling devices
do not effect the results on the concentratiofy 8ICB in SPM in the investigated range
that is present in the River Rhine.

The main effect “device” is significant for TOC (Table 3) anztaunts forn? =
0.24. Additionally, the interaction effect (“location “device”) is also significant (Ta-
ble 3) for TOC, though the proportion of explained variareéoiv (12 = 0.08). As
given by Fig. 8, there is a specific interaction of both fagtae. the effect of the “de-
vice” decreases from the locations Weil, to Koblenz, and Ban (Fig. 8 B), which
means that the effect of the sampling “device” can be amglifigon the “location”.

Both main effects, “location” and “device” as well as theairgction effect are sig-

nificant for HCB concentration in SPM (Table 3). The propamtof explained variance

11
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for the interaction effect accounts fge = 0.11. As given by the interaction plot (Fig.
9), there is no effect attributable to the devices at locatieil, but there are strong
effects caused by the devices at the locations Karlsrulgeklaourg and Koblenz.

The differences in subsequently analyzed mean concearisadf the chemical con-
stituents of SPM that are attributable to the sampling @e/iCE and FC were tested
a-posterioriwith the LSD-test on the level g < 0.05. TOC (%) differs significantly
in the order CE(5.36+ 0.26) > FC (3.54+0.24). There are neither significant dif-
ferences for the PCB congeners nor for the investiggie@B, as indicated by PCB-
138Jug kg 1: CE (6.09+0.47) = FC (6.09+ 0.64), PCB-153{1g kg %: CE (6.35+
0.46) = FC(6.79+0.76) andy PCBJug kg~ CE (26.19+2.09) = FC (32.00+3.33).
However, HCBlg kg~ significantly differs by a factor of 3 between the devices:

CE (12.26+ 1.50) < FC (34.4+5.51).

5.4 Two sampling locations and two sampling devices (Period: 9.

July 2002 to 4. June 2007)

The main-effect “device” is significant for TOC, PCB-138, BC53 and HCB, and
the explained variance accounts fpf = 0.21, n? = 0.04, n? = 0.03 andn? = 0.02,
respectively. The parametgPCB is not effected by the factor “device” (Table 4).

According to the LSD-test on the level pf< 0.05, TOC (%) differs by a factor of
2 in the order CE6.5+0.18) > FC (3.08+£0.13). There are minor, though significant
differences for PCB-138/g kg *: CE (4.594+0.21) > FC (3.77+0.18) and PCB-
153/jug kg™t CE (4.90+0.27) > FC (4.16+0.23). There are no significant differ-
ences fory PCB/ug kg~1: CE (20.24+0.94) = FC (19.914-0.79). However, HCB{g
kg~ differs by a factor of 3 in the order CEL6.61+ 6.05) < FC (54.36+8.78). The
results of the Z 2 ANOVA are consistent with the findings of the previously daoted
4 x 2 ANOVA (Sect. 5.3).

12
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5.5 Two sampling locations and three sampling devices (Period:

19. January 2005 to 21. December 2005)

The factor “device” significantly affects TOC, HCB afgdPCB and accounts fay? =
0.21,n2 = 0.25 andn? = 0.05 of the explained variance, respectively (Table 5). There
are no significant effects caused by the devices on PCB-188&B-153. Further-
more, the factor “location” does not significantly effect T@nd HCB, but concen-
trations of PCB-138, PCB-153 argPCB significantly differ between Koblenz and
Bimmen (Table 5).

The findings for the Z 3 ANOVA are in agreement with the findings in Sect.
5.3 and Sect. 5.4. According to the LSD-test on the levepef 0.5, TOC (%) is
highest in CE-samples: C5.02+0.23) > FC(4.0+£0.18) = ST (3.82+0.14). There
are no significant differences for PCB-188/ kg~1: CE (7.914+0.5) = FC (8.08+
0.62) = ST (8.07+0.75), and PCB-1534g kg 1: CE (8.15+0.42) = FC (9.36+
0.72) = ST (9.77+0.78). However,5 PCBJug kg~! in CE-samples were moderately,
but significantly lower as compared to ST-samples:(@E73+2.14) < FC (4163+
3.47) = ST (42.75+3.92). As it was the case in the previous tests, HEZBkg ! is
lowest in CE-samples: CEL8.42+1.93) < ST (40.55+5.33) = FC (34.54+ 3.77).

5.6 Bi-variatecorrelations (Period: 1990 to 2008)

The correlationsrg) between HCB (PCB-138, PCB-153) and S using SPM-samples
that were only collected with CE decrease with increasimgrrieach length (Table

6). At the SPM-quality monitoring station Weil, there arglily significant, inverse
relations between the aforementioned contaminants andréhdfmore, TOC is sig-
nificantly, inversely correlated with S at each monitoringtisn, whereas TOC de-
creases asymptotically with increasing S (data not sholmrtpontrast, HCB (PCB-138,
PCB-153) is not correlated with S at the SPM-quality momitgstations Koblenz and
Bimmen. It is noteworthy, that PCB-138 and PCB-153 are sfiygriinearly corre-
lated ¢s = [0.81, 0.88], Table 6), and there is a positive, power-function-typatieh

between Q and S at each SPM-quality monitoring station,ghdlue correlations com-

13
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prise a wider range § = [0.37, 0.77)).

6 Discussion

The tested effects are reproducible over different timeegps and different locations.
TOC was always highest in CE-samples and no spatial trendlei@stable. In con-
trast, there is no effect due to “device” grPCB, but there is an increasing trend of
S PCB with river reach length. This can be explained by thetfeitsecondary sources
for PCBs emissions and re-mobilization are ubiquitous enRtiver Rhine catchment,
although direct inputs into the streams have stopped maassyeyo. The most re-
markable effects are present for concentrations of HCB iM $ffat are highest in
SPM-samples collected with FC and ST, followed by CE. Thisatfcan be amplified
depending on the location. Although HCB in SPM differs sfipaintly between the
locations (Tables 3 & 4), there is no general increasingdingith river reach length.
Hence, HCB is a non-ubiquitous substance with locally r\secondary sources
and HCB-contaminated SPM is mixed with the SPM of tribusfigther downstream,
which dilutes the concentration of HCB. A further indicatifor both longitudinal
dispersion and the mixing of SPM with tributaries are therdasing correlation coef-

ficients between HCB (PCB-138, PCB-153) and S with riverindangth (Table 6).

6.1 Effectsduetotheseparation principle

The two passive samplers FC and ST that separate the SPMiatare by sedimen-
tation show a clear fractionation effect as it has been tegdiy other$>22 Dyeanand
PSD in these SPM-samples differed significantly from SPktdas collected with
CE, in that coarser particles (i.e. particles with highétlisg velocities) are present
in SPM-samples that were taken with FC or ST. As the tempanaise of dailyDwmean
does not show a high variability in instantaneously codc6PM with CE (Fig. 6
B), this fractionation towards coarser particles can nattrbuted to a mixing effect
caused by integral sampling, but must rather be attributéldet separation principle of

the passive samplers FC and ST.
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The different sampling techniques lead to homogeneousuiesity PCB concen-
trations in SPM in each test. It is widely accepted that theceatrations of non-polar
organic pollutants such as PCBs are inversely related veittigie-siz&® in soils and
sediments and the organic coating of the fines act as therdorbewever, as there
is no relevant effect caused by the sampling devices on tesiigated PCB con-
geners, although a clear fractionation towards coarseicfes occurs for FC and ST,
we hypothesize, that PCBs are almost equally distributékinmvthe relevant range of
particle-sizes<€ 200 um) in collected SPM of the River Rhine.

In contrast toy PCB, the concentrations of HCB in SPM are three times higher i
SPM-samples collected with FC than with CE. As FC also ctdleoarser particles
in the fine sand fraction, we hypothesize that HCB concdbotras positively skewed
among the relevant particle-size fractions of collectetMSP the River Rhine. It is
likely that HCB was historically emitted in granular formtiviparticle-sizes in the
range of coarse silt to fine sand.

Furthermore the interaction term (locatigmevice) for HCB is significant (Tables
3 & 4), which means that the differences between the sampdicigniques can be am-
plified upon the “location”. This can be explained by the fidett the statistical factor
“location” comprises the specific in-stream conditions.(iflow velocity,Sand x) at
the corresponding sampling point of a sampling device. Ah ed these parameters
differ along the river stretch (i.e. “location”), which irturn effects the separation
efficiency of the installed passive samplers (FC and ST) dsagse¢he magnitude of
fractionation, the discrepancies caused by the deviceG®ik SPM can be amplified
upon the sampling location.

Throughoutthe field experiments, TOC was highestin SPMpdasrcollected with
CE. Potential reasons for this are numerous, but one reasohe attributed to the
separation principle: Not only humic substances that aela¢d to the mineral par-
ticles, but also living algae and fresh detritus with low siées are separated from
the SPM/water mixture by centrifugation. Furthermore, TtSGnversely related to
decreasing particle-size and the maximum loading is a¢thtd minerals in the fine-

fraction (i.e. < 20 um). The fine-fraction, algae and detritus are collected tauahm
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lesser extend, when sedimentation is the separation phincirhus, the subsequent
TOC is higher in SPM-samples collected with CE as comparegPil-samples col-

lected with FC and ST. Other potential reasons are discussaelct. 6.2.

6.2 Effectsduetotime-proportional versusintegral sampling

As the correlation coefficients between HCB (PCB-138, PGB}&and S are not sig-
nificant (Table 6) at most of the SPM-quality stations anddhaiy variability of the
aforementioned parameters is low (Fig. 6 D & E), we conclinde integral sampling
with its consequent unequal amounts of daily collected SBMrot be the reason for
the higher HCB concentration in SPM that was collected with F

However, the elevated TOC concentrations in SPM that wdsatet! with CE can
not only be attributed to the different separation efficiea®f the devices, but must
also be discussed in light of the significant inverse cotim@ieof TOC with S that is
present at each SPM-quality monitoring station. As the arhofrcollected SPM under
high S is larger, the final TOC concentration in the compdSR® sample is likely to
be lower than the temporal average. This is consistent Wilihdings that mean TOC
concentrations in CE are highest at each SPM-quality mongastation, and TOC
is not significantly different between the SPM-samples ofdf@ ST. Furthermore, a
decay of rapidly biodegradable organic compounds of TOGo&sible, because the

sampled SPM remained inside the FC for periods of four weeks.

7 Conclusion

In this study, we analyzed an extensive set of field data omdneogeneity of SPM-
sampling techniques across several monitoring statichg &iver Rhine. This brought
new insights for the evaluation and implementation of SRMliy monitoring pro-
grams. As differences between the SPM collection techsigouay be amplified de-
pending on the location and the chemical parameter in fgrudelines for SPM sam-
pling techniques need to be revisited with an appropriateept.

The sampling techniques FC, ST and CE provide homogenesults®ith respect
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to the relevant contaminants of PCB congeners in the RiveérdRbut physical param-
eters and HCB concentrations differ significantly betwdss sampling techniques.
The general findings are reproducible over several coflagieriods and sampling lo-
cations. We thus hypothesize that the relevant PCBs ardlgglistributed among
the particle fractions < 20im. As HCB concentrations are highest in SPM-samples
with coarser particles collected with FC, we hypothesizs HICB was likely emitted

in granular form. Further chemical analysis (i.e. deteation of PCBs and HCB in
fractions of composite SPM and selected fluvial sedimenipéashis required to test
our hypothesis with respect to the distribution of PCBs a@BHamong particle-size
fractions.

We propose the following for the harmonization and impletadon of SPM-
quality monitoring programs that aim to quantify the cortcation of particle-bound
contaminants: If the SPM of the stream water mainly consifie material (silt and
clay), as it is the case for the River Rhine, then integralgam such as FC and ST
are only adequate for the monitoring of those particle-ldotontaminants, which are
almost non-reactive (e.g. persistent organic pollutamesyvy metals), do not corre-
late with the concentration of suspended sediments at #@fapmonitoring site, and
are equally distributed within the particle-size fractiar200 um. In any other case,
time-proportional instantaneous sampling with CE is sigper

If the stream water mainly transports large fractions ofdsahen a less rigorous
sampling technique might be possible. In this case, thdidration effect of FC and
ST is dampened and, thus, plays a minor role for the contarh@macentration in the
composite SPM-sample. Furthermore, FC and ST samplers earsdful to detect
qualitatively those contaminants, whose temporal couasesliscontinuous (i.ex is
usually below the limit of quantification), provided thaketiompounds in focus are

almost non-reactive.
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Table 1: Names of the monitoring stations (location), ttetatled devices, their corresponding river-kilometeeixn@RlI, increasing order from source
to mouth) and sampling period (SP). n.a. denotes not availab

Location Centrifuge Floating collector Sedimentatiorktan
Bimmen Rl Rhine-km 865.0 Rhine-km 865.0 Rhine-km 865.0
SP Since 1990 2005-01-19to 2005-12-31 2005-01-19 to 2@0311
Karlsruhe-Lauterbourg Rl Rhine-km 359.2 Rhine-km 340.3 a.n.
SP Since 1990 2002-07-09 to 2007-06-04 n.a.
Koblenz Rl Rhine-km 590.3 Rhine-km 590.3 Rhine-km 590.3
SP Since 1990 2005-01-19t0 2005-12-31 2005-01-19 to 2@0311
Weil Rl Rhine-km 174.0 Rhine-km 173.1 n.a.

SP Since 1990 2002-07-09to 2007-06-04 n.a.




Table 2: Summary statistics of the investigated paramateigsspended matter. Limits
of quantification are indicated by the:"-sign.

Parameter Median Minimum Maximum n
TOC (%) 4.4 <05 91.0 383
HCB/ug kgt 10.0 <20 985.0 497
PentCBlg kg1 2.0 <1.0 21.0 361
PCB-28f1g kg ! 2.0 <1.0 14.1 451
PCB-52Lg kgt 2.0 <1.0 23.1 451
PCB-101/ug kgt 2.1 <1.0 16.0 451
PCB-118{ig kgt 2.0 <1.0 15.0 451
PCB-138lg kg * 4.2 <1.0 26.4 451
PCB-153/ig kg ! 2.7 <1.0 21.4 451
yPCB/ug kgt 19.4 <7.0 132.6 451

Table 3: Two-way ANOVA tables fof PCB, TOC and HCB for the period: 6. May
2005 to 31. December 2005. The factor “location” consisthefmonitoring stations
Weil, Karlsruhe-Lauterbourg, Koblenz and Bimmen, and #wdr “device” comprises
centrifuges and floating collectorgp, SSQ, MSSQF, andp indicate the degree of
freedom, the sum of squared residuals, the mean SS@®;tadue and the correspond-
ing p-value. Note: due to incomplete TOC-series, Karlsruhetédaourg was not
considered in the two-way ANOVA.

Parameter Factor (0] SSQ MSSQ F p

PCB-138 Location 3 484.8 161.6 25.51 0.000
Device 1 2.8 2.8 0.44 0.509
Location:Device 3 7.0 23 037 0.778
Residuals 75 475.1 6.3

PCB-153 Location 3 5495 183.2 28.31 0.000
Device 1 0.0 0.0 0.00 0.957
Location:Device 3 69.5 23.2 3.58 0.018
Residuals 75 485.2 6.5

SPCB Location 3 12195.4 4065.1 32.64 0.000
Device 1 262.8 262.8 2.11 0.150
Location:Device 3 761.8 253.9 2.04 0.116
Residuals 75 9339.5 1245

TOC Location 2 5.8 29 1.34 0.269
Device 1 49.3 49.3 22.66 0.000
Location:Device 2 17.9 9.0 4,12 0.021
Residuals 60 130.6 2.2

HCB Location 3 12570.7 4190.2 17.69 0.000
Device 1 8791.8 8791.8 37.11 0.000
Location:Device 3 4614.6 1538.2 6.49 0.001
Residuals 75 177679 236.9
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Table 4: Two-way ANOVA tables for PCB-138, PCB-158PCB, TOC and HCB for
the extended period: 9. July 2002 to 4. June 2007. The fa@toation” consists
of the monitoring stations Weil and Karlsruhe-Lauterbquagd the factor “device”
comprises centrifuges and floating collectors. Same rmotats Table 3.

Parameter Factor Q SSQ MSSQ F p

PCB-138 Location 1 299.6 299.6 53.95 0.000
Device 1 90.6 90.6 16.32 0.000
Location:Device 1 10.7 10.7 1.92 0.167
Residuals 300 1666.1 5.6

PCB-153 Location 1 781.9 781.9 99.32 0.000
Device 1 108.1 108.1 13.73 0.000
Location:Device 1 77.1 77.1 9.80 0.002
Residuals 300 2361.8 7.9

SPCB Location 1 9900.0 9900.0 110.49 0.000
Device 1 297.8 297.8 3.32 0.069
Location:Device 1 1894.1 1894.1 21.14 0.000
Residuals 300 26880.1 89.6

TOC Location 1 312.2 312.2 105.19 0.000
Device 1 432.9 432.9 145.87 0.000
Location:Device 1 6.2 6.2 2.08 0.151
Residuals 243 721.1 3.0

HCB Location 1 327620.6 327620.6 49.63 0.000
Device 1 58397.3 58397.3 8.85 0.003
Location:Device 1 65566.4 65566.4 9.93 0.002
Residuals 300 1980319.8 6601.1
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Table 5: Two-way ANOVA tables for PCB-138, PCB-158PCB, TOC and HCB for
the period: 19. January 2005 to 21. December 2005. The fdotmation” consists
of the monitoring stations Koblenz and Bimmen, and the fatdevice” comprises
centrifuges, floating collectors and sedimentation taBlksne notation as Table 3.

Parameter Factor (0] SSQ MSSQ F p

PCB-138 Location 1 235.7 235.7 35.47 0.000
Device 2 0.2 0.1 0.01 0.987
Location:Device 2 24.2 121 1.82 0.169
Residuals 74 491.8 6.6

PCB-153 Location 1 160.1 160.1 24.20 0.000
Device 2 30.7 154 2.32 0.105
Location:Device 2 90.0 450 6.81 0.002
Residuals 74 489.5 6.6

SPCB Location 1 5987.2 5987.2 38.97 0.000
Device 2 1058.4 529.2 3.44 0.037
Location:Device 2 1131.8 5659 3.68 0.030
Residuals 74 11370.0 153.6

TOC Location 1 0.4 0.4 031 0.579
Device 2 23.9 11.9 9.44 0.000
Location:Device 2 0.3 0.1 0.10 0.904
Residuals 69 87.3 1.3

HCB Location 1 433.1 433.1 1.48 0.228
Device 2 7981.6 3990.8 13.60 0.000
Location:Device 2 1613.8 806.9 2.75 0.071
Residuals 74 21720.1 293.5
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Table 6: Matrix of Spearman’s rank correlation coefficiefrty for the parameters
flow (Q), suspended sediment concentratigpy HCB, PCB-138, PCB-153 and TOC
concentration in suspended matter that was instantaneceicted with centrifuges
at various River Rhine monitoring stations (1990-2008).IdBdigits denote highly
significant f < 0.01) values ofg; significant { < 0.05) values of s are marked with
italics.

Location S HCB PCB-138 PCB-153 TOC
Well Q 073 -0.39 -0.41 -0.44 -0.62
S -0.48 -0.48 -0.52 -0.70
HCB 0.58 0.69 0.50
PCB-138 084 057
PCB-153 0.60
Karlsruhe-Lauterbourg Q 037 0.10 -0.27 -0.25 n.a.
S -0.05 -0.27 -026 n.a.
HCB 0.25 0.24 n.a.
PCB-138 088 n.a.
PCB-153
Koblenz Q 077 -0.09 -0.32 -0.33 -0.28
S 0.03 -0.10 -0.13 -0.43
HCB 0.41 0.33 -0.02
PCB-138 086 0.14
PCB-153 0.13
Bimmen Q 041 -011 -0.47 -0.40 -0.31
S 0.01 -0.06 0.02 -0.21
HCB 0.35 044 -0.04
PCB-138 081 0.26
PCB-153 0.12
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Figure 1: River Rhine catchment and locations of suspendatemquality stations.
The historic emission site for HCB is located ca. 16 km ugstref the city of Weil.
Note that Plittersdorf and Karlsruhe-Lauterbourg aret&@as one single location in

this study.
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Figure 2: Sketch of a continuous flow centrifuge (modifie@f6O 5667-17°).
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Figure 3: Sketch of the floating collect&nnensammlefmodified after ISO 5667-
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Figure 4: Sketch of a sedimentation tank (modified after 1967517*°).
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Figure 6: Temporal course of (A) flow , (B) mean particle-si&&) total organic car-
bon, (D) hexachlorobenzene in suspended matter and (Eutheos polychlorinated
biphenyls in suspended matter at the monitoring stationdé¢a(15. Jan 2005 to 26.
Mar 2005). FC, ST, and CE denote floating collector, sediatent tank and cen-
trifuge.
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Figure 7: Interaction plot fof PCB in suspended matter. Figure A depicts the mean of
S PCB for each location, grouped by the devices. Figure B deflie reverse. We, Ka,
Ko, Bi, CE, and FC denote Weil, Karlsruhe-Lauterbourg, Kwiz, Bimmen, centrifuge
and floating collector.
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Figure 8: Interaction plot for TOC in suspended matter. Saotation as Fig. 7. Note
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that Karlsruhe-Lauterbourg was not considered due to ipdeta records.
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Figure 9: Interaction plot for HCB in suspended matter. Sawtation as Fig. 7
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