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a b s t r a c t

Application of passive samplers is demonstrated for assessment of temporal and spatial trends of dis-

solved polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and priority metals in

the middle stretch of the Danube river. Free dissolved concentrations of PAHs, measured using SPMD

samplers, ranged from 5 to 72 ng L�1. Dissolved PCBs in water were very low and they ranged from 5 to

16 pg L�1. Concentration of mercury, cadmium, lead and nickel, measured using DGT samplers, were

relatively constant along the monitored Danube stretch and in the range <0.1, <1e20, 18e74, and 173

e544 ng L�1, respectively. Concentrations of PAHs decreased with increasing temperature, which reflects

the seasonality in emissions to water. This has an implication for the design of future monitoring pro-

grams aimed at assessment of long term trends. For such analysis time series should be constructed of

data from samples collected always in the same season of the year.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In December 2000 the European Union adopted the Water

Framework Directive (WFD) to secure water resources for future

generations (EU, 2000). In the implementation process of the WFD,

all EU member states are required to perform trend monitoring on

several pollutants priority substances in surface water that tend to

accumulate in sediment and/or biota in surface water (EU, 2008).

Long term measurements in water provide important information

that can be used in evaluation of effects of accepted measures on

lowering the emissions. Such a trend monitoring can be carried out

inwater, suspended particles and sediments as well as in biota. The

decision, which matrix to survey is difficult especially for com-

pounds present in water at very low concentrations, such as heavy

metals and hydrophobic organic pollutants like polycyclic aromatic

hydrocarbons (PAH) or polychlorinated biphenyls (PCBs). Among

other available monitoring methods passive sampling presents a

promising approach because it provides sensitive and time inte-

grative measurement of free dissolved concentrations of contami-

nants in water (Greenwood et al., 2007). Diffusion of organic

pollutants from sampled media to the sampler is driven by the high

affinity of analysed compounds to the sorbent material in the

sampler. The concentration found in a passive sampler can be used

for calculation of time weighted average (TWA) water concentra-

tion over extended periods of time. The major advantage of passive

samplers over alternative matrices used for trend monitoring, e.g.

sediments or biota, is that passive samplers constitute a well-

defined sampling medium with a known uptake capacity. In

contrast to results based on sediment or biota, passive sampling

data require no corrections for organic carbon, lipid content or

species to compare data on a temporal or spatial scale. Free dis-

solved concentration is a measure of organism exposure in water

and passive sampling allows measurement even for compounds

that cannot be measured in biota because of their excretion or

metabolism by organisms. Furthermore, different sources of vari-

ance including analytical and environmental variance can be much

better controlled, which in turn results in reduction of the required
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number of analysed samples to obtain results with comparable

statistical power (Lohmann et al., 2012). Another advantage of use

of passive samplers is the determination of free dissolved concen-

tration in water, which is one of the important parameters for the

assessment of pollutant bioavailability and fate in the aquatic

environment. The freely dissolved concentration of contaminants

in the water column is directly proportional to their fugacity in the

water phase (Mayer et al., 2003). Pollution monitoring based on

direct water measurement of dissolved concentrations of hydro-

phobic organic compounds by bottle sampling is not reliable, since

the individual spot samples of water collected at the sampling sites

reflect only the pollution situation at the moment of sampling.

Measurement of truly dissolved concentration of these compounds

in water cannot be easily achieved by conventional liquid/liquid or

solid phase extraction techniques because of potential bias of these

methods introduced by co-extraction of analytes bound to colloids

present in water samples.

In this study, passive samplers were applied to characterize the

temporal and spatial variability of dissolved heavy metals, PAHs

and PCBs in the Danube river between the cities of Vienna and

Bratislava (Fig. 1). This paper presents particular results of a larger

study aimed at comparison of the most promising available

monitoring methods (bottom sediments, suspended particulate

samplers and passive samplers) for those pollutants (PAHs, selected

heavy metals) to give a technical recommendation on how to

perform a trend monitoring in the aquatic environment (www.

umweltbundesamt.at/umweltsituation/hestia_home). This com-

parison will provide the basis for a technical recommendation on

how to implement the WFD as well as for a future national and

regional cooperation inmonitoring and consistent evaluation of the

quality of the water body.

2. Materials and methods

2.1. Chemicals

Organic solvents: acetone (Mikrochem, Slovakia), n-hexane SupraSolv (Merck,

Germany), dichloromethane SupraSolv (Merck, Germany), hydrochloric acid 36%,

p.a. (Merck, Germany), Triolein (Sigma Aldrich, Belgium), silicagel 60 (Merck, Ger-

many). Gases for GCeMS/ECD equipment: nitrogen ECD and helium 6.0 (both

Messer Tatragas, Slovakia). Etalons of 16 polycyclic aromatic hydrocarbons for cali-

bration of equipment (PAH mix 9, 100 mg mL�1 in cyclohexane), 6 polychlorinated

biphenyls (10 mg mL�1 in cyclohexane), perdeuterated polycyclic aromatic

hydrocarbons applied as performance reference compounds (D10-acenaphthene,

D10-fluorene, D10-phenanthrene, D12-chrysene, D12-benzo(e)pyrene), surrogates

(D8-naphthalene, D10-anthracene, D10-pyrene, D12-benzo(a)anthracene, D12-ben-

zo(k)fluoranthene, D12-benzo(a)pyrene D12-benzo(g,h,i)perylene), PCB30 and

PCB185 were purchased from Dr. Ehrenstorfer, Germany. Terphenyl and PCB 121, the

internal standards for instrumental analysis by GC/MS were purchased by Sigmae

Aldrich, Germany. Physicochemical properties of analytes are given in

Supplementary Information.

2.2. Passive samplers

2.2.1. SPMDs

The SPMDs consisting of an LDPE membrane filled with 1 mL of triolein (95%

purity), in nominal dimensions 2.54� 91.4 cm (exposure surface area 460 cm2), wall

thickness of 75e90 mm were purchased from (Exposmeter, Sweden). Samplers

contained 2 mg/sampler of individual performance reference compounds (PRCs; D10-

Acenaphthene, D10-Fluorene, D10-Phenanthrene, D12-Chrysene, D12-Benzo(e)pyr-

ene). Before use they were stored in gas tight metal containers at �20 �C. The vol-

ume of sampler (triolein þ membrane) is 4.95 mL.

2.2.2. DGTs

DGT (diffusive gradients in thin film samplers) samplers were purchased by DGT

Research Ltd, Lancaster, UK. Two versions of the sampler were applied: one for

sampling mercury ions and another version for sampling heavy metals nickel,

cadmium and lead. The sampler is composed of a plastic body, which contains a pre-

filter with a surface area A ¼ 3.14 cm2, diffusive hydrogel (0.8 mm thick) and

adsorptive resin-gel (0.16 mL volume) layers.

2.3. Sampling sites

2.3.1. Altenwörth an der Donau

Altenwörth on the Danube represents the location upstream of the Vienna area.

The actual sampling site was located at the bridge on the left bank Danube river side

arm in Altenwörth, approximately at the river kilometre (rkm) 1980, cca 55 km

upstream Vienna agglomeration. This sampling site was not located directly in the

main stream of the Danube, since the installation of the sampling equipment would

have been logistically very difficult in the area of the adjacent Danube power plant.

The sampled surface water is not affected by the backwater area of the Danube dam

that is located downstream. The water level gradient at the bridge provides suitable

conditions for operation of suspended sediment traps that were deployed simul-

taneously with passive samplers. The fast water current at the bridge enabled to

achieve elevated sampling rates with SPMDs and thus to accumulate higher

amounts of analytes.

2.3.2. Langenzersdorf

The site Langenzersdorf is located at the weir 2 of the Marchfeld channel just

upstream the main Vienna city agglomeration. The artificially constructed channel

represents an important source of irrigation water for vegetable farmers of the

Marchfeld area between the rivers March/Morava and the Danube. The site is

located 1 km downstream the intake structure of Marchfeld channel from the left

Austria Slovakia

Hungary
10 km

Altenwörth (AL)

Langenzersdorf (L)

Wolfsthal
(W)

Čunovo (C)

Vienna
BratislavaDanube riverN

S

EW

Fig. 1. Map of the sampling sites in the Danube river in Austria and Slovakia. Site symbols are given next to the site location names.
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bank of the Danube at the rkm 1938. It is assumed that the flow velocity of Danube is

slightly affected by the backwater of the Freudenau dam that is located 17 km

downstream, but this should have only a minimum effect on water quality.

2.3.3. Wolfsthal

The sampling was performed at the Wolfsthal on-line monitoring station at

Hainburg/Donau on the right Danube bank, approx.15 km upstreamBratislava at the

rkm 1879. The water from the Danube for passive sampler exposure was pumped

into the monitoring station using submersible pumps operating at 1000e2000 L h�1

that were installed in the main stream of Danube. During the sampling campaign

performed in 2010, passive sampling was simultaneous with other alternative

sampling methods including continuous collection of water samples and suspended

particulate matter. For the purpose of this sampling campaign non-filtered water

from the Danube was evenly distributed to particular sampling devices that

included automatic water sampler, suspended particulate matter sampler and

passive samplers, respectively. Data comparing various sampling techniques will be

reported separately. The station facility was adapted to perform passive sampling as

described in the sampling campaign description below.

2.3.4. Cunovo

The sampling site is located 15 km downstream the city of Bratislava at the rkm

1836 on the dam at the right bank in �Cunovo. The �Cunovo dam is a part of the

Danube dam system Gab�cíkovo and its basic function is to ensure the flow into the

old Danube riverbed in the agreement between Slovakia and Hungary. The sampling

was performed at the water intake object of the hydroelectric power plant in the
�Cunovo dam (http://www.gabcikovo.gov.sk/svdgn/stup_Cun.htm). In 2011, after

nearly 20 years since the completion of the dam system, sediment dredging activ-

ities started in the reservoir Hru�sov that is located just upstream the �Cunovo dam.

There are about 2 million cubic metres of sediment that must be removed in the

coming years. These dredging activities can, potentially mobilize also pollutants that

are assessed in the present study. During the sampling campaign the dredging

project was performed at the right bank, and the flow of sampled water passed the

area of dredging activities.

2.4. Sampling campaigns

2.4.1. 2010

In 2010 passive sampling was performed at a single monitoring site at the online

monitoring station in Wolfsthal. Continuous sampling in 14-days passive sampler

exposure periods started in July and ended in December 2010 with a single inter-

ruption from 14th September to 5th October for stationmaintenance. During each of

the ten 14-day exposures three samplers of each type (SPMD, DGT) were deployed in

parallel. For deployment samplers were mounted using a stainless steel wire holder

inside a 1 m high glass cylinder with 5 cm inner diameter. The flow of Danube river

water through the cylinder was kept constant at 140 L h�1 for the entire 14-day

exposure period. The dates of deployment periods are given in Table 1. In parallel

with passive sampling, ten composite samples of whole water, representative for

each of the 14-day sampler deployment period, were collected using an automatic

water sampler installed in the monitoring station. Details are given in

Supplementary Information. Concentrations of PAHs and heavy metals were

determined in these composite samples.

2.4.2. 2011

The monitoring included 4 season sampling campaigns, in the months of

February, April, July, and October 2011. The dates of deployment periods are given in

Table 2. During each campaign 3 samplers in parallel were deployed at each site

during 14 days cycles.

For deployment at the online monitoring station Wolfsthal samplers were

mounted in a flow-through column as described for the 2010 campaign. At the

remaining three sites samplers were placed into protective cage made of perfo-

rated stainless steel plate, preventing their mechanical damage and deployed in

the river approximately 1 m below the water level with the help of ropes, buoys

and anchors. After 14 days of exposure the samplers were collected, inspected for

mechanical damage and the biofilm formation, photographed, transported to the

laboratory in the protection package in a portable cool box. The prevention of

contact of SPMDs with plastic materials and other potential sources of contami-

nation were ensured. An additional field control sampler was exposed to air while

samplers were being deployed and collected. The field control was processed as

the deployed samplers and was used to measure contamination during trans-

portation and handling. Three sampler fabrication controls were also analysed to

determine contamination arising from the manufacturing process, sampler com-

ponents, laboratory storage, processing and analytical procedures, but also to

determine the initial concentration of PRCs in the SPMD samplers before exposure

(Huckins et al., 2002; Booij et al., 2007). Several samplers were not retrieved due

to loss of samplers during field exposure, namely by vandalism at site Langen-

zersdorf in April, and by sampler cage tear off at site Altenwörth in July. The SPMD

samplers and their extracts were stored at separate place from chemicals, in a

freezer under the temperature �20 �C. SPMD samplers were analyzed for hy-

drophobic organic pollutants PAHs and PCBs. DGT samplers were stored at 4 �C

until processing and analysed for priority pollutant heavy metals nickel, cadmium,

lead and mercury.

2.5. Sample extraction and analysis

2.5.1. SPMDs

SPMD samplers were cleaned from debris and mud and analytes were extracted

two times 24 h by dialysis to hexane. Dialysates were further cleansed by gel

permeation chromatography and silica gel or sulphuric acid modified silica gel for

PAH and PCB analysis, respectively. The analysis of PAHswas performed using 6890N

GC (Agilent, USA) equipped with a 30 m � 0.25 mm � 0.25 mm HP5-MS column

(Agilent, USA) coupled to 5972MS operated in electron impact ionization mode. PCB

analysis was performed using GCeMS/MS 6890N GC (Agilent, USA) equipped with a

60 m � 0.25 mm � 0.25 mm DB5-MS column (Agilent J&W, USA) coupled to Quattro

Micro GC MS MS (Waters, Micromass, UK) operated in EIþ ionization mode. Details

of sample processing and instrumental analysis are given in Supplementary

Information.

2.5.2. DGTs

Heavy metals accumulated in the DGT sampler adsorption resin were extracted

with 1 mL of 1 mol L�1 HNO3 solution for 24 h. The determination of heavy metals

nickel and lead in extracts was performed according to ISO 15586:2003, whereas

cadmium was analysed according to DIN 38406/19. The analysis proceeded by

atomic absorption spectrometry with graphite furnace (ET-AAS). Mercury analysis

was performed by a microwave digestion with HNO3 and H2O2 and an amalgam

enrichment and reduction with sodium borohydride, followed by analysis of mer-

cury by cold vapour atomic absorption spectrometry.

Table 1

Description of the sampling campaign at the site Wolfsthal in the Danube in 2010.

Exposure nr. Exposure period Exposure

(days)

Water

temperature (�C)

Mean discharge

(m3 s�1)b
SPMD-sampling

rate RS (Ld
�1)a

Start End

I 06.07.2010 20.07.2010 14 21 2176 16.4

II 20.07.2010 03.08.2010 14 20 2766 11.4

III 03.08.2010 17.08.2010 14 18 3371 6.0

IV 17.08.2010 31.08.2010 14 18 2417 6.6

V 31.08.2010 14.09.2010 14 15 2918 7.2

VI 05.10.2010 19.10.2010 14 12 1428 4.1

VII 19.10.2010 02.11.2010 14 10 1414 3.7

VIII 02.11.2010 16.11.2010 14 10 1364 3.4

IX 16.11.2010 30.11.2010 14 8 1469 3.7

X 30.11.2010 14.12.2010 14 4 1897 2.0

a RS is the equivalent water volume extracted by SPMD per day for a compound with a medium molecular weight (Mw ¼ 178; phenanthrene).
b Calculated from volume discharge data available for the monitoring station in Bratislava.

Table 2

Description of sampling sites in the study area.

No. Sampling site Symbol Water

body

River

kilometre

Longitude Latitude

1. Altenwörth AL Danube 1980 15�5105400 48�2204400

2. Langenzersdorf L Danube 1938 16�2102200 48�1703500

3. Wolfsthal W Danube 1879 16�5901500 48�0905200

4. �Cunovo C Danube 1836 17�1302900 48�0104900
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2.6. Calculation of dissolved water concentrations from passive sampler data

2.6.1. SPMDs

Dissolved water concentrations of target analytes were calculated from amounts

accumulated in SPMDs as follows. Amounts of analytes absorbed by the samplers

follow a first-order approach to equilibrium. Aqueous concentrations were calcu-

lated from the mass (Ns) absorbed by the SPMD, the in situ sampling rate of the

compounds RS and their samplerewater partition coefficients KSW:

Cw ¼
NS

VSKSW

h

1� exp
�

� RSt
KSWVS

�i (1)

where VS is the volume of the SPMD (4.95 mL) and t is the sampler exposure time.

PRC dissipation also follows first-order kinetics. Sampling rates RS were esti-

mated from dissipation of PRCs from SPMDs during exposure using nonlinear least

squares method by Booij and Smedes (2010), considering the fraction f of individual

PRCs (D10-acenaphthene, D10-fluorene, D10-phenanthrene and D10-chrysene) that

remain in the SPMD after the 14-day exposure as a continuous function of their KSW,

with RS as an adjustable parameter.

f ¼ exp

�

�
RSt

KSWVS

�

(2)

Here, f¼ NPRC/N0,PRC; N0,PRC¼ initial amount of the PRC at t¼ 0,NPRC ¼ amount of

each PRC remaining after exposure, and t is exposure period (14 days). Assuming

water boundary layer controlled uptake, RS of individual target compounds in the

higher hydrophobicity rangewas estimated by substituting Eq. (3) derived by Rusina

et al. (2010) into Eq. (2).

RS ¼ FAM�0:47 (3)

Here M is the molecular weight of the analyte, A is the surface area of SPMD

(460 cm2). The factor F represents the effects of environmental conditions (tem-

perature, flow, biofouling). It was obtained as an optimized value of adjustable

parameter using nonlinear least squares method for estimating sampling rates

(Booij and Smedes, 2010) after substitution of RS in Eq. (2) by Eq. (3). The necessary

KSW values were intrapolated from the empirical equation (Huckins et al., 2006)

logKSW ¼ �0:1618 logKOWð Þ2 þ 2:321 logKOW � 2:61 (4)

Booij et al. (2003a) observed that SPMD-water partition coefficients KSW did not

significantly change with temperature in the range from 2 �C to 30 �C, thus, for our

calculations partition coefficients were not corrected for effect of temperature.

2.6.2. DGTs

Dissolved water concentrations CDGT of metals were calculated from their

masses accumulated in DGTs (N) according to Warnken et al. (2007).

CDGT ¼
NDg

DtA
(5)

where Dg is the thickness of the diffusion gel layer, t is exposure time, A is the

sampler surface area and D is the temperature dependent diffusion coefficient of a

metal ion. Applied values of D were taken from the DGT manufacturer (www.

dgtresearch.com). It is assumed that mass transfer of metal species into DGT is

controlled by diffusion in the gel layer. Thus, sampling by DGT should not be affected

by the flow velocity/turbulence, as is the case for SPMDs.

2.7. Assessment of PAH patterns using principal component analysis

Principal component analysis (PCA) was used to compare the PAH levels and

patterns in the dissolved phase, which was monitored at four sampling sites during

four seasons in the 2011 sampling campaign. PCA analysis was based on absolute

analyte concentrations and data were modelled according to the procedure

described by Vrana et al. (2001).

3. Results and discussion

3.1. Aspects of sampling with SPMDs

The repeatability within three parallel determinations of PAH

concentrations represented by mean relative standard deviation

Table 3

Description of the sampling campaign in the Danube in 2011.

Campaign Nr. and

sampling site

Exposure period Exposure

(days)

SPMD-sampling

rate RS (L d-1)a
Water

temperature (�C)

Mean discharge

(m3 s�1)b
Start End

I Al Altenwörth 16.02. 02.03. 14 15.8 4 1496

I L Langenzersdorf 16.02. 02.03. 14 11.5 3

I W Wolfsthal 03.03. 17.03. 14 4.4 3

I C Cunovo 03.03. 17.03. 14 12.9 3

II Al Altenwörth 14.04. 28.04. 14 16.3 12 1346

II L Langenzersdorf 14.04. 28.04. 14 NAc 13

II W Wolfsthal 14.04. 28.04. 14 4.14 13

II C Cunovo 14.04. 28.04. 14 18.6 13

III Al Altenwörth 22.06. 7.07. 14 NAc 19 2063

III L Langenzersdorf 22.06. 07.07. 14 20.9 19

III Wolfsthal 22.06. 07.07. 14 12.0 19

III C Cunovo 22.06. 07.07. 14 14.8 19

IV Al Altenwörth 13.10. 27.10. 14 26.2 12 2021

IV L Langenzersdorf 13.10. 27.10. 14 17.6 11

IV W Wolfsthal 13.10. 27.10. 14 3.4 11

IV C Cunovo 13.10. 27.10. 14 19.7 11

a RS is the equivalent water volume extracted by SPMD per day for a compound with a medium molecular weight (Mw ¼ 178; phenanthrene).
b Calculated from volume discharge data available for the monitoring station in Bratislava.
c NA-not available because of SPMD sampler loss.
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) 

Fig. 2. Effect of water temperature on SPMD sampling rate of phenanthrene obtained

during individual 14-day exposures at the site Wolfsthal in 2010 (black circles) and

2011 (white circles), respectively. The line represents linear regression of all SPMD

sampling rates (expressed as natural logarithm; ln RS) vs. reciprocal value of absolute

temperature (1/T). The activation energy of mass transfer DEa of 58 � 10 kJ mol�1 was

calculated from the slope of the line multiplied by gas constant R according to Eq. (6).
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was 24%, in that all the processes of analytical determination are

included e sampling, extraction and determination by GCeMS.

SPMD fabrication and field blanks contained concentrations of

PAHs and PCBs that were below the instrumental limit of detection,

with exception of naphthalene (up to 40 ng/SPMD). Blank sub-

traction for naphthalene in field exposed samplers was not done,

because any naphthalene present in blanks dissipates from SPMDs

during exposure to level which is at equilibrium with water

(Lohmann et al., 2012). Solvent blanks processed concurrently with

samplers did not contain quantifiable amounts of target analytes. In

some exposed samples compounds as benzo[b]fluorantene, benzo

[k]fluorantene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, dibenz

[a,h]anthracene, benzo[ghi]perylene were present at concentra-

tions below limit of quantification. Those compounds are
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Fig. 3. Temporal variability of free dissolved (using SPMD) water and whole water (using continuous water sampler) PAH concentrations, at the online monitoring station in

Wolfsthal in JulyeDecember 2010. Samplers were continuously exposed in 14-day deployment periods. Deployment and retrieval dates are reported in Table 1.
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hydrophobic and predominantly partitioned to suspended particles

and colloids in water and only a small fraction is present in the

dissolved phase. For the calculation of the mean concentration of

those compounds inwater according to Eq. (1). the mass in sampler

NS was substituted by instrumental limit of quantification (LOQ). In

such case the calculated water concentration of those compounds

represents the highest possible concentration. Water concentra-

tions estimated from LOQ for the above compounds were in range

0.01e0.29 ng L�1. The highest LOQ values were calculated for the

sampling site inWolfsthal, because of low RS values obtained at this

site due to slow water motion inside the exposure tube. Where

method LOQ was applied in mean value estimates, data in Figs. (4e

5) are labelled with an asterisk. Detection limits in water can be

significantly improved by a longer sampler exposure time or by

exposure conditions, e.g. higher water turbulence. One option to

increase sampling rates would be the use of samplers with a larger

surface area, since the sampling rate is a product of mass transfer

coefficient and sampler surface area. The 14-day exposure of

samplers in this study was a result of a compromise to enable a

direct comparisonwith other tested sampling methods (suspended

particle traps and composite water samples).

The PRC-derived sampling rates RS for phenanthrene from all

field exposures are shown in Tables 1 and 3. RS values for other

compounds were derived using Eq. (3), which estimates a slight

decrease in RS with increasing molecular mass. Phenanthrene RS
values ranged from 2.0 L d�1 at Wolfsthal in December 2010 to a

maximum of 26.2 L d�1 at Altenwörth in October 2011. In agree-

ment with assumption of water boundary layer uptake different RS
values were obtained at different sites and during different sea-

sons, which is related to differences in flow rates of water in the

river and the position of sampler in the stream. Further relevant

factors that affect mass transfer include the temperature and

possibly the presence of biofouling and particle deposition on the

surface of sampler. At the monitoring station Wolfsthal the

sampler was placed in a glass tube, where the river water was

pumped with lower flow velocity/turbulence than is in the river.

This explains the generally lower sampling rates at this site. With

exception of the sampling site �Cunovo SPMD sampling rates in-

crease with increasing temperature. The effect of temperature on

passive sampling with SPMDs could be quantified at the site

Wolfsthal (Fig. 2). Since the effect of flow velocity/turbulence on

mass transfer into passive sampler at this site could be kept

relatively constant, temperature was the only variable factor in

exposures, when neglecting potential variable effects of biofouling

and suspended particulate matter concentrations on mass transfer.

At other sites, such evaluation was not possible because flow

conditions could not be controlled for caged samplers. The effect

of temperature on RS can be quantified in terms of activation en-

ergies (DEa) for mass transfer, as modelled by the Arrhenius

equation

RS ¼ RSNexp

�

�
DEa
RT

�

(6)

where RSN is the sampling rate at the hypothetical upper limit

where temperature is infinite, R is the gas constant and T is the

absolute temperature. Values of DEa can be determined by plotting

the natural logarithm of RS (ln RS) vs. the reciprocal absolute tem-

perature (1/T). The activation energy can then be calculated by

multiplying the slope of the linear regression line with the gas

constant. The calculated activation energy for phenanthrene in this

study DEa of 58 � 10 kJ mol�1 is in line with the average DEa of

37 � 21 kJ mol�1 summarised for a broad range of studies by

Huckins et al. (2006). This means that a temperature increase from

10 to 20 �C causes an increase in sampling rate by a factor about 2.3.

3.2. Temporal and spatial variability of PAHs in the Danube river

In 2010 temporal variability of PAH concentrations was inves-

tigated at a single sampling site in the Danube at Wolfsthal. Sum of

concentrations of free dissolved PAHs determined from SPMDs

deployed during the 2010 campaign were 5e39 ng L�1. The SPMD

data (Fig. 3) show that the freely dissolved concentrations of indi-

vidual PAHs in the water column increase during the winter

months. This may reflect the higher PAH emissions from pollution

sources, mainly from burning of fossil fuels, in winter. The atmo-

spheric deposition is one of the important transport processes, by

which PAHs enter the water phase. The higher activity of emission

sources in winter in combination with climatic conditions such as

temperature inversion that limits the vertical dispersion and less

intensive atmospheric reactions create favourable conditions for

PAH deposition to water phase. Moreover, Henry’s law constant

increases with increasing temperature and thus, higher equilibrium

concentrations in water are expected at lower temperatures even

when atmospheric concentration remains constant (Staudinger

and Roberts, 2001).

In addition to the general trend of concentration increase with

decreasing water temperature, an increase of concentrations of

Table 4

Correlation of free dissolved (Cfree) and whole water (Ctotal) concentrations of PAHs at the site Wolfsthal during the sampling campaign in 2010 with mean water temperature

(T), suspended particulate matter content (SPM), and total organic carbon content (TOC).

Compound Log Kow Ctotal Cfree

Cfree T SPM TOC T SPM TOC

Naphthalene NAP 3.37 a0.70 0.03 0.28 0.34 �0.41 0.19 0.30

Acenaphthylene ACE 4.00 a0.79 �0.31 0.28 0.15 �0.61 0.02 0.06

Acenaphthene ACY 3.92 0.23 0.54 0.31 0.57 �0.33 0.38 0.57

Fluorene FLU 4.18 0.37 0.27 0.28 0.57 �0.60 0.03 0.12

Phenanthrene PHE 4.57 �0.01 0.29 0.17 0.55 a-0.62 0.06 0.11

Anthracene ANT 4.54 0.00 0.52 0.48 a0.65 �0.61 0.14 0.16

Pyrene PYR 5.18 �0.11 0.31 0.31 a0.64 a-0.68 0.01 �0.12

Fluoranthene FLT 5.22 �0.15 0.19 0.10 0.42 a-0.72 �0.09 �0.20

Chrysene CHR 5.86 �0.14 0.34 0.33 a0.67 a-0.69 �0.02 �0.14

Benzo[b]fluoranthene BbF 5.90 �0.29 0.43 0.42 a0.67 a-0.62 �0.01 �0.15

Benz[a]anthracene BAA 5.91 �0.19 0.33 0.27 0.58 a-0.75 �0.17 �0.24

Benzo[a]pyrene BAP 6.04 �0.32 0.56 0.49 a0.75 a-0.81 �0.20 �0.23

Benzo[ghi]perylene BP 6.50 �0.53 a0.63 0.52 0.59 a-0.77 �0.13 �0.20

Indeno[1,2,3-cd]pyrene IP 6.50 0.36 0.08 0.37 0.47 a-0.77 �0.13 �0.20

Dibenz[a,h]anthracene DahA 6.75 �0.53 0.41 0.31 0.48 a-0.77 �0.13 �0.20

a Significant Pearson product moment correlation coefficients (n ¼ 10, p < 0.05; non-directional t-test) and higher than 0.62.
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some lighter PAHs (naphthalene, acenaphthene, fluorene and

phenanthrene) was observed during the third sampler exposure

period (03.08. to 17.08. 2010). In August 2010, a local flood occurred

at the Danube sampling profile in Wolfsthal and the elevated

concentrations of dissolved compounds may be related to mobili-

zation of these compounds during the event.

At the Wolfsthal site free dissolved concentrations of PAHs ob-

tained with passive sampling (Cfree) can be compared with whole

water concentrations (Ctotal) determined in composite water sam-

ples representative of each of the 14-day sampler deployment

periods (Fig. 3). The comparison reveals that Cfree in water de-

creases with increasing compound hydrophobicity (Supplementary

information Fig. S5), which reflects the adsorption of hydrophobic

compounds on particles or colloids. A significant positive correla-

tion (Table 4) between Cfree and Ctotal was observed only for the two

most hydrophilic compounds (naphthalene and acenaphthylene),

which are predominantly present in water in the dissolved phase.

While Cfree was negatively correlated with temperature for most

compounds, such trend was not observed for Ctotal. With exception

of the most hydrophilic compounds (naphthalene and acenaph-

thylene), Ctotal of PAHs was positively correlated with total organic

carbon (TOC) content in water, which confirms that hydrophobic

compounds are associated with organic matter present on particles

and in colloids in water. One hypothesis for the absence of corre-

lation between Cfree and Ctotal is that a fraction of compounds

adsorbed on suspended particulate matter is bound irreversibly

and cannot partition into dissolved phase, however, such investi-

gation was beyond the scope of this study and more research is

needed to prove it. Since wholewater concentrationmeasurements

were performed with a single composite sample during each

sampling period, no data on precision of whole water sampling in

one laboratory is available in this study. Collection and analysis of

replicate samples would likely reveal whether absence of correla-

tion with free dissolved concentration can be attributed to low

precision of sampling and analysis. However, considering the very

high sampling and processing effort needed to obtain a represen-

tative water sample for a 14 day period, such experiment is prac-

tically not feasible.

In addition to samples collected during our study, information is

available on concentrations of PAHs in spot samples of whole water

(1 L) that were collected monthly in 2010 at the Wolfsthal moni-

toring station by Water Research Institute Bratislava for the pur-

pose of chemical status assessment in the river Danube (Water

Table 5

Dissolved concentrations (ng L-1) of sum of PAHs, Cd, Ni and Pb measured in urban

impacted European rivers.

River PAHs Cd Ni Pb Reference

Danube 13e72 2e14 205e544 18e74 This study

Morava 25e203 Proke�s et al., 2012

Marne 7e19 Thévenot et al., 1998

Seine 9e70 Thévenot et al., 1998

11e67 Chiffoleau et al., 1999

15e50 8e111 338e3760 Tusseau-Vuillemin

et al., 2007

3.5e106 Bourgeault and

Gourlay-Francé,

2013

Thames 800 Neal et al., 2000

Rhône 55 11 423 76 Miege et al., 2012

Bosna 20e480 Harman et al., 2013

1e24 218e2981 8e1000 Vrana et al., authors

unpublished data

Fig. 4. Temporal variability of free dissolved PAH concentrations, monitored using SPMD passive samplers at four sampling sites along the Danube river in 2011. Data points labelled

with asterisks include individual measurements below limit of quantification.

B. Vrana et al. / Environmental Pollution 184 (2014) 101e112 107



Research Institute, Bratislava, 2013). During the whole duration of

sampling campaign, concentrations of all monitored priority

pollutant PAHs were below their respective LOQs. The LOQs of in-

dividual compounds were relatively high (2e30 ng L�1; Supple-

mentary data, Table S1). The data do not contradict our

observations, however, no statements on temporal variability of

pollution can bemade on their basis. Although data from regulatory

monitoring, obtained using low volume spot sampling, can be

applied for checking compliance with environmental quality

standards, they are not suitable for assessment of temporal and

spatial variability of PAHs.

The availability of water discharge data at the Wolfsthal moni-

toring station enabled to estimate fluxes (as a product of discharge

and concentration) of free dissolved as well as total PAHs in the

rived Danube. The estimated flux of dissolved PAHs (sum of 16

compounds) ranged from 0.9 kg d�1 in October to 6.6 kg d�1 in

December 2010, respectively. Estimated total PAH flux in Danube

ranged from 3.3 kg d�1 in October to 16.7 kg d�1 in August (period

III), respectively. The maximum total flux coincides with the above

mentioned elevated water flow event. The average contribution of

free dissolved compounds to total flux was 31%. We stress that the

ultimate aim of passive sampling is to obtain a measure of the level

of pollution that gives a representative measure of the exposure of

organisms and compare the contaminant levels in time and space,

but not to assess mass balance of compounds in water bodies.

In 2011 the samplers were deployed during four seasons at four

sampling sites to characterize the temporal and spatial variability of

priority metals, PAHs and PCBs in the water column of the Danube

river between the cities of Vienna and Bratislava. Total concentra-

tion of PAHs determined from SPMDs in the campaign conducted at

four sampling sites in 2011 were 13e72 ng L�1. A comparison with

free dissolved concentrations measured with passive sampling in

other urban impacted European rivers shows that the pollution of

Danube by PAHs is 1.5e7 times lower than in the rivers for which

data is compiled in Table 5. Temporal variability of PAH concen-

trations at the four sites is shown in Fig. 4. In agreement with ob-

servations from 2010 the highest PAH concentrations at all four

sampling sites were observed in winter (February) and the lowest

ones in summer (July), respectively. A single exception to this

general trendwere elevated concentrations of fluoranthene, pyrene

and chrysene that were observed at �Cunovo in July 2011. This event

may have been related to on site sediment dredging activities or

from accidental release of PAHs from ships, but would require a

more detailed investigation. Spatial variability of PAHs during

different seasons along the monitored Danube stretch is shown in

Fig. 5. To visualize spatial trends of free dissolved concentrations,

data from sites downstream the Altenwörth site (AL) were pre-

sented as percentual concentration increase or decrease against the

levels measured at AL site. Visualisation was performed only for

compounds where concentrations exceeded their respective LOQs.

No systematic spatial trends in PAH concentrations could be

observed along the monitoring stretch since different and often

opposite trends were observed during different seasons. The spatial

variability of PAH concentration was not dramatic and for most

compounds the concentrations varied less than two-fold in both

directions in comparison with those measured at the AL site. In

February 2011
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Fig. 5. Spatial variability of free dissolved PAH concentrations along the Danube river, monitored using SPMD passive samplers during four seasons in 2011. Data from sites

downstream the Altenwörth site (AL) are presented as percentual concentration increase or decrease against the levels measured at the AL site. For data collected in July 2011,

Langenzersdorf (L) was taken as the reference site.
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many cases these differences were lower than the precision of the

passive sampling method and thus not significant. An exception

were the above mentioned significantly elevated concentrations of

fluoranthene, pyrene, benzo(a)anthracene and chrysene in �Cunovo

in summer.

From an inspection of the PCA pattern analysis for the samples

from the 2011 campaign, the score plot [Component 1 vs. Compo-

nent 2, Fig. 6(a)] shows the separation of the samples along the

principal components. As can be seen in the loading plot [Fig. 6(b)],

the compounds (PAHs) are separated on the principal component

plane (PC1 vs. PC2) according to their molecular weight or hydro-

phobicity. Water concentration patterns calculated from SPMD data

cluster together on the PCA plot for most samples collected at the

four sites along the Danube in April, July and October 2011. Thus,

both concentration levels and patterns remain relatively constant

during most of the year along the monitored Danube stretch. A

distinct contamination pattern of PAHs can be observed in samples

collected in February 2011. In winter season, contaminant patterns

also differ more between sites. This corresponds with higher con-

centration levels observed in winter; the differences in PAH

fingerprint may correspond with a higher diversity of contaminant

sources in winter. A specific case is the PAH pattern observed in
�Cunovo in July 2011, which was discussed above.

The two city agglomerations of Bratislava and Vienna do not

seem to have a significant effect on downstream PAH

concentrations in water. Our observations support the hypoth-

esis that concentrations in the water phase are related to

diffusive rather than point pollution sources and the observed

periodic annual variability is related to seasonal changes of at-

mospheric PAH concentrations. Point sources of PAHs in the

both cities are likely to be transient rather than continuous and

likely related to rain fall, stormwater overflow and direct runoff.

It is likely that these point discharges are effectively diluted by

the river that has a usual water discharge of more than

2000 m3 s�1 in the area of interest. In addition, the concentra-

tions in the dissolved phase are probably well buffered by

contaminant partitioning between water column and bed sedi-

ments along the river.

3.3. Temporal and spatial variability of PCBs in the Danube river

SPMD samples from the 2011 campaign were analysed for PCBs.

The calculated dissolved PCB concentrations were very in sub

ng L�1 range (Table 6) and close to method limit of quantification.

Sum of 6 indicator PCB congeners ranged from 5 to 16 pg L�1. No

temporal or spatial trends of pollution could be observed along the

monitored Danube stretch. Better method sensitivity would be

required for a better characterization of levels and contaminant

patterns of PCBs. The simplest way to achieve this is to significantly

extend SPMD exposure up to several months.
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2011. Graph a) shows loadings for the individual PAHs. Graph b) shows scores of samples. Sampling sites and events are described in Table 3.

Table 6

Dissolved concentrations of PCBs, in water, derived from SPMD passive samplers, at the four sampling sites in Danube during four seasons in 2011.

Campaign I (FebruaryeMarch 2011) II (April 2011) III (July 2011) IV (October 2011)

Concentration (pg L�1) AL L W C AL La W C ALa L Wb Cb AL L Wb Cb

PCB 28 5.8 5.8 5.9 3.3 6.1 14.0 3.4 1.8 2.6 4.8

PCB 52 2.7 1.6 <2.1 0.4 2.4 <2.2 0.9 0.5 0.9 1.4

PCB 101 2.9 1.7 1.4 0.8 4.5 3.1 0.5 2.0 3.0 1.8

PCB 153 2.2 1.8 <2.3 0.8 3.6 <2.4 0.3 1.4 4.0 1.2

PCB 138 0.7 <0.9 <2.3 <0.8 1.3 <2.4 <0.6 <0.4 0.3 <0.6

PCB 180 1.8 1.5 1.6 <0.8 1.8 <2.5 <0.6 0.7 1.9 <0.6

S PCBs 16.1 12.4 8.9 5.2 19.5 17.1 5.0 6.5 12.7 9.1

a Not reported because of loss of samplers.
b Not reported because of bad repeatability of analysis.
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3.4. Temporal and spatial variability of heavy metals in the Danube

river

DGT fabrication and field blanks contained concentrations of

that were below the instrumental detection limit of 0.5, 5 and 5 ng/

DGT for Cd, Ni and Pb, respectively. The calculated dissolved Cd, Pb

and Ni concentrations measured from metal amount accumulated

in DGT samplers were very low and always in the sub mg L�1 range.

Concentration of mercury was always below the detection limit of

the applied method (0.10 ng/DGT sampler). When this limit is

applied in Eq. (5) together with the diffusion coefficient of mercury

in water 9 � 10�6 cm2 s�1 (Do�cekalová and Divi�s, 2005), the esti-

mated concentration of mercury in water is less than 0.1 ng L�1. In

2010 concentration of Cd, Pb and Ni were in the range <1e20, 18e

49, and 173e544 ng L�1, respectively (Fig. 7). The repeatability

within three parallel determinations of concentrations represented

by mean relative standard deviation was 23%. Similarly as was

observed for less hydrophobic PAHs, an increase of Cd concentra-

tion was measured during the third sampler exposure period

(03.08. to 17.08.2010). In August 2010, a local flood occurred at the

Danube sampling profile in Wolfsthal and the elevated concentra-

tions may be related to mobilization of these compounds during

the event. DGT-derived water concentrations were also compared

with composite samples of whole water analysed during the

sampling campaign in 2010 as well as with data from spot samples

of filtered (through 0.45 mm pore size filter) water that were

collected monthly at the Wolfsthal monitoring station for the

purpose of chemical status assessment (Water Research Institute,

Bratislava, 2013). DGT-derived concentrations reflect the dis-

solved contaminant fraction and were always lower than whole

water concentrations. They should be comparable with concen-

trations found in filtered water samples, but it must be taken into

account that spot samples reflect just the concentration in water at

one moment, whereas DGT sample provides a time weighted

average measure of concentration over 14 days.

For Cd, concentrations in spot samples as well as in composite

whole water were below limit of quantification during the whole

campaign. For Pb, quantifiable concentration (4 mg L�1) was found

only in a single spot sample collected during sampling period II.

Although elevated whole water concentration was detected during

the same period in composite whole water sample, it was lower

than in the filtered spot sample. A possible explanation is that spot

sampling detected accidentally a peak of Pb contamination that

was short enough to be not detected in time averaged DGT and

composite water samples. Similarly, elevated concentrations of Ni

were measured in spot samples during sampling period II and III,

Composite water analysis was available only for period II, with

concentration slightly above method LOQ, however, lower than

that found in spot sample. Since only five pairs of data were

available for comparison, no conclusions can be made on presence

or absence of correlation between free dissolved and total metal

concentration in water. Estimated total metal flux in Danube

ranged from <12e24, 22e220, and <118e406 kg d�1 for Cd, Pb

and Ni, respectively. The mean contribution of free dissolved

metals to total flux was 3, 10, and 28% for Cd, Pb and Ni,

respectively.

In 2011 concentration of Cd, Pb and Ni were in the range <2e6,

18e74, and 205e457 ng L�1, respectively. The repeatability within

three parallel determination of concentrations represented by

mean relative standard deviation was 21%. A comparison with

dissolved concentrations measured in other urban impacted Eu-

ropean rivers shows that the pollution of Danube by heavymetals is

comparable or up to one order of magnitude lower than in the

rivers for which data is compiled in Table 5. Monitoring with DGTs

confirmed at all sites relatively constant concentrations of the three

priority pollutant metals and neither a systematic temporal nor a

spatial trend of pollution could be observed along the monitored

Danube stretch (Fig. 8). The variability of measured metal con-

centrations was mostly lower than method precision and thus not

significant. The data suggest that pollution sources along the

monitored stretch do not significantly affect heavy metal concen-

trations in the dissolved phase.
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Fig. 7. Temporal variability of dissolved (using DGT), whole water (using continuous

water sampler) and filtered water (using monthly spot sampling) metal concentra-

tions, at the online monitoring station in Wolfsthal in JulyeDecember 2010. Samplers

were continuously exposed in 14-day deployment periods. DGT concentrations

labelled with asterisks were lower than limit of quantification. Dotted and dashed lines

show the limits of quantification in spot and composite water samples, respectively.
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4. Conclusions

Passive samplers provide a useful tool for an assessment of

pollution status and related temporal and spatial trends within

water bodies. They enable to collect information on trace concen-

trations of priority pollutants with a good precision and, unlike in

case of chemical monitoring in biota, the effect of variable exposure

conditions can be kept under control. It is possible to directly

compare monitoring data obtained at different sites and seasons,

which makes passive samplers a promising tool in assessment of

spatial and temporal pollutant trends. Passive samplers provide

complementary information to chemical monitoring in sediment or

suspended particulate matter. Sediment concentration patterns

may not be representative for estimation of immediate concen-

trations in the water column, but they provide a long-term

contamination record. On the contrary, the passive samplers inte-

grate water concentrations only during the sampling period and

reflect the actual pollution situation in a water body. When total

extraction techniques are applied in sediment or suspended par-

ticulate matter analysis they cannot distinguish between contam-

inants that are irreversibly adsorbed to sediment and those that can

be easily partitioned to pore water and then released to the water

column.

Spot sampling with a frequency once per month produces

often data that are below detection limits and sometimes acci-

dentally detects elevated concentrations that originate from short

term concentration variation that is representative only for the

moment when sample was collected. This makes spot sampling

less suitable for assessment of temporal concentration trends in

comparison with techniques that provide an average concentra-

tion over extended period, such as continuous water sampling or

integrative passive sampling. From the later techniques, passive

sampling is much less laborious. Moreover, both DGT and SPMD

techniques allow measurements of bioavailable concentrations of

pollutants in water with a better sensitivity than can be achieved

with conventional water sampling techniques. When accepting

that free dissolved concentration is a suitable measure of

contaminant levels to which organisms are exposed, absence of a

correlation between Cfree and Ctotal observed for PAHs in this study

invokes a question whether whole water concentration is a suit-

able parameter for assessment of risks associated with pollutants

in water.
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Fig. 8. Spatial variability of free dissolved heavy metal concentrations along the Danube river, monitored using DGT samplers during four seasons in 2011. Data from sites

downstream the Altenwörth site (AL) are presented as percentual concentration increase or decrease against the levels measured at the AL site. For data collected in July 2011,

Langenzersdorf (L) was taken as the reference site.
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The spatial variability of dissolved PAHs and heavy metals in the

studied region was small, which indicates that diffusive pollution

sources dominate over local point sources. Concentrations of PAHs

decreased with increasing water temperature in the whole region

indicating that atmospheric emission from domestic heating

sources and consequent deposition represent an important

pathway of PAHs to aquatic ecosystem of the region in the winter

period. For PAHs we observed a similar trend in the Danube left

bank tributary, the river Morava (Proke�s et al., 2012), which in-

dicates that cyclic seasonal oscillation of PAH concentration occurs

inmost water bodies in the geographic area. This has an implication

for the design of future monitoring programs aimed at assessment

of long term trends. For such analysis, based on passive sampling

measurements of PAH concentrations, time series should be con-

structed of data from samples collected always in the same year

period. For heavy metals seasonal variability does not seem to be

significant.

Our study provided insight into the temporal and spatial vari-

ability of bioavailable concentrations of selected priority pollutants

in a selected stretch of the Danube river, one of the biggest streams

on the European continent. Similar field studies increase the body

of information available for assessment of factors that affect dis-

tribution and fate of pollutants in the natural environment. More-

over, they support regulators in assessing opportunities for using

passive sampling for monitoring water quality within a legislative

framework.
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