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ABSTRACT. Passive sampling with in situ devices offers several advantages over traditional sampling 19 

methods (i.e., discrete spot sampling), however, data interpretation from conventional passive samplers is 20 

hampered by difficulties in estimating the thickness of the diffusion layer at the sampler/medium interface 21 

(δ), often leading to inaccurate determinations of target analyte concentrations. In this study, the performance 22 

of a novel device combining active and passive sampling was investigated in the laboratory. The active-23 

passive sampling (APS) device is comprised of a diffusion cell fitted with a pump and a flowmeter. Three 24 

receiving phases traditionally used in passive sampling devices (i.e., chelex resin, Oasis HLB, and silicone 25 

rubber), were incorporated in the diffusion cell and allowed the simultaneous accumulation of cationic 26 

metals, polar, and non-polar organic compounds, respectively. The flow within the diffusion cell was 27 

accurately controlled and monitored, and, combined with diffusion coefficients measurements, enabled the 28 

average δ to be estimated. Strong agreement between APS and time-averaged total concentrations measured 29 

in discrete water samples was found for most of the substances investigated. Accuracies for metals ranged 30 

between 87 and 116%, except Cu and Pb (~50%), whilst accuracies between 64 and 101%, and 92 and 151% 31 

were achieved for polar and non-polar organic compounds, respectively. These results indicate that, via a 32 

well-defined in situ preconcentration step, the proposed APS approach shows promise for monitoring the 33 

concentration of a range of pollutants in water. 34 

35 

Keywords: Passive sampling; active sampling; water monitoring; diffusion coefficients; DGT; silicone 36 

rubber; metals; organic compounds 37 

38 
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1. Introduction39 

Passive sampling involves in situ deployment of selective sorbents that preconcentrate target analytes. The 40 

approach has been used for many years to determine pollutant concentrations in aquatic environments. The 41 

approach offers several advantages over spot sampling at fixed time points, including lower detection limits, 42 

cleaner sample matrixes, and the ability to inherently measure the average concentration over the 43 

deployment time. In addition, passive sampling devices provide information about chemical speciation in the 44 

exposure medium, i.e. the sorbents collect the accumulated form of the pollutant, e.g. free metal ions or 45 

protonated organic molecules, as well as other physicochemical forms that can be converted into the 46 

accumulated form on the timescale of the sampling device. This mode of operation is analogous to processes 47 

involved in biouptake.
1
 However, interpretation of data from such devices is mainly hampered by difficulties 48 

in evaluating the thickness of the diffusion layer that is in effect at the sorbent/medium interface (δ). This 49 

critical parameter is influenced by environmental factors such as temperature, salinity and pH, but most 50 

importantly, flow velocity.
2,3

 The amount of compound that is detected by a passive sampling device is 51 

determined by the flux of the sensor-available physicochemical form of the target analyte at the 52 

sorbent/medium interface. In the simplest case, in which dissociation of complexed forms of the analyte are 53 

not overall rate limiting, this flux is a diffusive one, the magnitude of which is governed by the concentration 54 

gradient which is established within δ, as well as the diffusion coefficient of the target analyte. At a 55 

macroscopic interface, hydrodynamic conditions have a strong impact on δ (i.e., the faster the flow velocity 56 

the thinner δ), and thus, on the uptake by conventional passive samplers. As a consequence, unless reliable 57 

estimations of δ are provided (see further in the text), passive sampling devices require calibrations to 58 

account for variation in flow velocity.
2,4–6

  59 

For the measurement of polar and non-polar organic pollutants, the accumulation rate can be 60 

estimated using performance reference compounds (PRCs). These compounds are spiked in the receiving 61 

phase of the device before exposure in the environment, and, under the assumption of isotropic transfer, are 62 

used to calculate sampling rates.
7
 However, PRCs are usually mass-labelled compounds which are expensive 63 

and not always readily available. Alternatively, compounds with a similar octanol/water partitioning 64 

coefficient (Kow) can be used, but differences in physicochemical properties may affect quantification.
8
 Thus,65 

the applicability of this approach is limited by the possibility of obtaining suitable PRCs.
3,8,9

 In addition, 66 
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there is a limited temporal window which allows the use of PRCs for the simultaneous measurement of 67 

compounds with different Kow; that is, a deployment period in which the more polar compounds do not 68 

completely dissipate, while the more hydrophobic ones show appreciable dissipation.
7
  69 

An alternative approach to the use of PRCs is provided by techniques which regulate the uptake of 70 

sampling devices by controlling the diffusion layer thickness.
10–13

 For example, in the diffusive gradients in 71 

thin films (DGT) technique, a thin polyacrylamide or agarose hydrogel (typically 0.8-1.0 mm thick) is placed 72 

between the receiving phase of the sampling device and the exposure media. Within this hydrogel (diffusive 73 

gel), mass transfer of analytes occurs by diffusion processes only. If the thickness of the diffusion layer in 74 

solution (δ) at the gel/water interface is negligible compared to the thickness of the diffusive gel layer (Δg), 75 

the mass transfer from exposure media to receiving phase is regulated by the thickness of the diffusive gel 76 

layer. Thus, the uptake of pollutants is virtually independent of hydrodynamic conditions. While the 77 

assumption of negligible δ is generally satisfied in high or moderately high flow conditions (>2 cm/s), in 78 

low-flow conditions often this is not the case.
11,14

 To obtain a reliable estimate of δ, additional probes, loaded 79 

with varying diffusive gel layer thicknesses, must be simultaneously deployed, thus increasing significantly 80 

the number of devices required.
10,11,14

 Similar to hydrogels, also microporous polyethylene tubes have been 81 

used as diffusive layers in passive sampling devices.
13

  82 

Another approach aiming to assist with the interpretation of passive sampling measurements relies 83 

on the use of passive flow monitors (PFM).
15–17

 These devices consist of casts of calcium sulfate dihydrate 84 

that are deployed alongside passive samplers. Empirical relationships are established between the rate of 85 

dissolution of PFMs and water flow conditions, i.e. the mass loss of the PFM is utilized to estimate flow 86 

rates in the bulk of the exposure medium. 87 

In this study, the possibility of achieving passive sampling measurements independent from 88 

hydrodynamic conditions in the bulk of the solution was explored by testing a novel approach combining 89 

active sampling with passive sampling technologies. An active-passive sampling (APS) device was 90 

developed by integrating a small pump to a diffusion cell designed to host three different receiving phases 91 

suitable for accumulating a wide range of pollutants. The flow rate within the diffusion cell was accurately 92 

monitored by a flow-meter incorporated in the device and the thickness of the diffusion layer in solution was 93 

estimated based on the geometry of the device and measurements of diffusion coefficients obtained using 94 

two different methods. The APS approach was validated under controlled laboratory conditions by 95 
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comparing time-averaged APS concentrations with total concentrations measured in discrete water samples 96 

collected during a 2-day exposure test. 97 

2. Active-passive sampling theory  98 

For the measurement of metal ions, polar and non-polar organic compound concentrations, a steady-state 99 

limiting flux is assumed. The diffusive flux (Jdiff) (g/m
2
/s) of analyte (i.e., metal or organic compound) from 100 

the exposure media to the receiving phase of the device is described by Fick’s first law of diffusion:  101 

Jdiff = D 
      

    
                      Eq. 1 102 

where C and C’ are the concentrations (g/m
3
) of analyte in the bulk of the exposure medium and on the 103 

medium side of the receiving phase/medium interface, respectively, and D is the diffusion coefficient (m
2
/s) 104 

of a given pollutant in the exposure media (or diffusive gel) at a given temperature. The flux Jdiff (g/m
2
/s) can 105 

be described also as a function of the mass M (g) of analyte accumulated on the receiving phase, the 106 

sampling area A (m
2
) of the device, and the duration of the exposure t (s):  107 

Jdiff = 
 

  
                     Eq. 2 108 

By combining eq. 1 and eq. 2, and assuming a limiting steady-state flux (C’=0) over the entire deployment 109 

time, the amount of analyte accumulated by the APS device is used to estimate the analyte concentration in 110 

the bulk aqueous medium, CAPS, via: 111 

CAPS  
       

   
                    Eq. 3 112 

In this equation, the diffusion coefficients of all substances in gels and water are assumed to be identical and 113 

all their physicochemical forms are assumed to be fully labile. While Δg is known and independent from 114 

experimental conditions, δ is strongly influenced by the flow rate within the diffusion cell. In a diffusion 115 

channel of known geometry and flow rate, the average δ over the sorbent surface area,  , can be estimated 116 

using the following equation:
18

 117 

  = 1.4327 (D)
1/3

 d
1/3

 h
2/3

 L
1/3

  
 

  
 1/3

                              Eq. 4 118 

where d, h and L are geometric parameters that refer to the position of the receiving phase in the diffusion 119 

channel (m), and vf is the flow rate (m
3
/s) within the diffusion cell. Estimates of   obtained using this 120 
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equation were used to support interpretations of CAPS. Eq. 4 holds for the case where the consuming interface 121 

is a perfect sink. Accordingly, the use of eq 4 to estimate δ relative to the receiving phases for which 122 

diffusive hydrogels were used (i.e., Chelex and hydrophilic-lipophilic balance (HLB); more detail provided 123 

in section 3.8), is only for approximate orientational purposes. In order to use eq. 4, diffusion coefficients of 124 

analytes in water must be known. For metals, diffusion coefficients in water were obtained from Li and 125 

Gregory,
19

 whereas for organic compounds, diffusion coefficients measured in agarose hydrogels were 126 

utilized as an approximation of those in water (see sections 3.5 and 3.6). 127 

 128 

3. Materials and methods 129 

3.1 Chemicals and reagents  130 

All plasticware used for metal analyses was new and cleaned by soaking in 10% (v/v) HNO3 (67-69% Trace 131 

Metal Grade, Fisher Chemical) for ≥24 h and rinsed in deionised water (>18 MΩ·cm, Milli-Q, Millipore). 132 

All chemicals were analytical reagent grade or of equivalent analytical purity. An ICP multielement standard 133 

solution (Merck) was used to prepare metal solutions. Solid-phase extraction (SPE) cartridges, containing 134 

200 mg of the Oasis HLB sorbent, were obtained from Waters (USA). Bond Elute SI cartridges (500 mg, 135 

3mL) were purchased from Agilent. Certified reference standards of the target analytes and mass labelled 136 

analogues were purchased from Sigma Aldrich.  137 

 138 

3.2 Instrumental analysis  139 

Metal concentrations in discrete water samples and Chelex binding gel extracts were quantified by 140 

inductively coupled plasma-mass spectrometry (ICP-MS, Agilent Technologies Series 7700x).  141 

Concentrations of polar organic compounds (carbamazepine, diuron, isoproturon) in discrete water 142 

samples and HLB binding gel extracts were determined by liquid chromatography tandem mass 143 

spectrometry (LC-MS/MS, Agilent 1200 Infinity series LC coupled to a 6410 Series MS). The instrument 144 

was equipped with an electrospray ionisation (ESI) source operated in positive mode, and the acquisition was 145 

performed in multiple reaction monitoring (MRM) mode. Two specific transitions per compound/mass 146 

labelled reference standard (carbamazepine-d2 and isoproturon-d6) were monitored.  147 

Non-polar organic compounds concentrations (fluoranthene (internal standard (IS) chrysene-d12), 148 

heptachlor (IS PCB-143), hexachlorobenzene (HCB) (IS PCB-143), PCB-28, -52, -101, -153 (IS PCB-143), 149 
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and trifluralin (IS fluchloralin)) in discrete water samples and silicone rubber (SR) extracts were measured 150 

by gas chromatography-mass spectrometry (GC-MS, HP6890 Series, HP 5973). Two/three specific 151 

transitions per compound were monitored. A more detailed description of instrumental analyses is available 152 

in the Supporting Information (SI). 153 

3.3 Discrete water sample analyses  154 

Discrete water samples for metal analysis (5 mL) were acidified (HNO3) to a final concentration of acid of 155 

2% (v/v) immediately after collection. Total concentrations of polar organic compound in discrete water 156 

samples (5 mL) were determined by liquid-liquid extraction. After addition of IS (10 ng), samples were 157 

extracted using ethyl acetate (3 mL), vortexed for 1 min and sonicated for 5 min. The organic phase was 158 

collected in a glass tube and the extraction procedure repeated one more time. The combined extracts were 159 

blown down to dryness under a gentle flow of N2 and reconstituted in 100 µL acetonitrile (ACN).  160 

Total concentrations of non-polar organic compounds in the exposure solution were measured by 161 

adapting a method previously described.
20

 Briefly, 350 mL of exposure solution were transferred to a 500 162 

mL glass bottle. After addition of 10 ng of IS, samples were loaded to a previously conditioned (5 mL ethyl 163 

acetate followed by 5 mL of methanol) and equilibrated (10 mL of deionised water) Oasis HLB cartridge 164 

(200 mg, 6 mL) which was attached to a vacuum manifold. After extraction, the cartridge was allowed to dry 165 

by passing air through for 45 min under vacuum. Pollutants adsorbed on the cartridge were eluted using 15 166 

mL of ethyl acetate:dichloromethane 1:1 (v/v). The eluate was evaporated to dryness under a gentle flow of 167 

N2 and reconstituted with 100 µL of ethyl acetate.  168 

Extraction recoveries were determined by comparing analyte responses in two sets of artificial fresh 169 

water samples (5 and 250 mL for polar and non-polar organic compounds, respectively), one spiked with 170 

target compounds before extraction (R1), and one spiked with the same amount of target compounds after 171 

extraction (R2).
21

 Water samples were spiked with target compounds to obtain concentrations of 100 and 10 172 

ng/L for polar and non-polar organic compounds, respectively.  173 

For quality control purposes, 30% of discrete water samples were blanks and 10% of samples were 174 

analysed in triplicates. Relative standard errors of water samples analysed in triplicate were <5, <1, and 175 

<18% for metals, polar, and non-polar organic compounds, respectively. 176 

 177 

3.4 Preparation of active-passive sampling receiving phases and diffusive gels  178 
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Glass plates used for the synthesis of polyacrylamide diffusive and Chelex binding gels for determination of 179 

metals in water were cleaned by soaking in acid (10% HNO3) and rinsed with deionised water. Glass plates 180 

used for the synthesis of agarose diffusive and HLB binding gels were rinsed with acetone before use. 181 

Chelex-100 (200–400 mesh, sodium form) binding gels and diffusive gels (0.04 and 0.08 cm thickness, 182 

respectively) were used to measure cationic metals in the exposure media.
10

 Preparation and handling of gels 183 

were performed following standard procedures recommended by DGT Research (Lancaster, UK). HLB 184 

binding gels and diffusive gels were used for the measurement of polar organic compounds. Agarose 185 

diffusive gels (0.075 cm thickness) were prepared by adding 0.15 g of agarose to 10 mL of deionised water. 186 

HLB binding gels (0.05 cm thickness) were prepared following the same procedure, with the only exception 187 

that 1g of HLB powder was added to the agarose solution before complete dissolution of agarose occurred. 188 

Silicone rubber (SR) strips (AlteSil, 0.05 cm thickness) were cut to size (2.5×10.5 cm) and extracted with 189 

hexane:acetone 3:1 (v/v) four times to remove oligomer residues.
22

 The oligomer residue corresponded to 190 

2.3% of the initial mass of SR extracted. Further details on HLB binding gels and agarose diffusive gels 191 

synthesis and oligomer residues extraction from SR strips are available in the SI. Detailed procedures for 192 

extracting accumulated target compounds from active-passive sampling receiving phases are provided in the 193 

SI. 194 

 195 

3.5 Diffusion coefficients measurement: diffusion cell method  196 

A polymethyl methacrylate (PMMA) diffusion cell consisting of two compartments (A and B) connected via 197 

a 1.5 cm diameter cavity was used to measure diffusion coefficients of carbamazepine, diuron and 198 

isoproturon.
11,23

 The cavity was designed to host a 0.075 cm thick agarose diffusive gel. Compartment A was 199 

filled with a solution of artificial fresh water spiked with the compounds of interest, whereas Compartment B 200 

contained the same media without target analytes. The two compartments were held together by transverse 201 

screws. The diffusion cell was placed in a climate chamber set at 15.0 °C. Immediately after filling both 202 

compartments with the designated solutions (previously acclimated for < 24 h), aliquots (triplicates) of 100 203 

µL were collected from each compartment. Both solutions were stirred using an overhead stirrer. Additional 204 

aliquots were collected from Compartment B every 20 minutes for a total of 180 minutes, whereas one more 205 

aliquot collection (triplicate) was performed in Compartment B at the end of the test. Samples were analysed 206 
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by direct injection onto the LC-MS/MS system after addition of IS (10 ng). Concentrations measured in 207 

compartment B (CB) were utilized to generate a plot of the mass of compound migrated across the diffusive 208 

gel overtime, which was then used to derive diffusion coefficients in the agarose gel (Da) (m
2
/s) according 209 

to:
11,23

 210 

 211 

Da = 
   

   
                     Eq. 5 212 

 213 
where A is the exposed surface area of the agarose gel (m

2
), and k (ng/s) is the slope of the linear curve 214 

obtained by plotting CB against time. 215 

 216 

3.6 Diffusion coefficients measurement: stack of gels method  217 

Diffusion coefficients of polar organic compounds in agarose gels were also measured following a method 218 

adapted by Rusina et al.
24

 In a climate chamber set to 15.0 ± 0.1 °C, five agarose gels (2.5 cm diameter, 219 

0.075 cm thickness) were stacked in a neat pile. At time zero, a gel previously spiked by soaking for 24 h in 220 

a solution of medium-hard artificial freshwater
25

 containing an appropriate amount of target compounds, was 221 

placed on top of the stack. Under the action of molecular diffusion, driven by the concentration gradient 222 

generated within the stack, compounds migrated across the stack. Two contact times (20 and 60 min) were 223 

investigated for polar organic compounds. At the end of the experiment, the stack was disassembled and 224 

each of the agarose gels individually transferred to a glass tube. Upon addition of IS (10 ng), polar organic 225 

compounds were extracted from agarose gels using 3 mL of a 1:1 (v/v) solution of dichloromethane:hexane 226 

followed by 1 min vortex and 5 min sonication. The extract was transferred to a clean glass tube and both 227 

steps repeated one more time. Extracts were combined, dried under a gentle flow of N2, and reconstituted in 228 

100 of ACN.  229 

The mass of substance measured in each gel was utilized to derive Da according to: 230 

C(X, t) = 
 

       
 
  

  

    
 
                   Eq. 6 231 

 This equation describes the concentration distribution C(X, t) of a particle diffusing with Brownian motion 232 

in a one-dimensional system (with motion in the X direction only, while being homogeneously distributed 233 

across the sections of constant surface area A), from a point source (i.e., the spiked gel) towards regions of 234 
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lower concentration.
26

 The probable location of an individual particle can be predicted with the Central Limit 235 

Theorem. The probability that a particle will be located at a specific distance from the source depends on the 236 

diffusion coefficient of the particle and the time lapsed. At a given time t, the spatial distribution of the 237 

analyte approaches a normal distribution with zero mean and standard deviation (σ): 238 

σ =                                           Eq. 7 239 

Under the assumption of isotropic diffusion, Da can be calculated from eq. 7 (i.e., Da = D). The mass of 240 

substance measured in each gel was plotted against the distance it travelled (±ΔX ) from the spiked gel (point 241 

source) and a Gaussian curve was applied to fit the points using Root.
27

 The standard deviation of the 242 

Gaussian fit was utilized in eq. 7 to calculate Da for each compound.   243 

In order to measure dissolved concentrations using eq. 1, diffusion coefficients in water of target 244 

analytes must be known. While these diffusion coefficients are available for metals,
19

 they are not generally 245 

available for organic compounds. Since the agarose gels used in this study had a water content of 98.5%, Da 246 

of organic compounds were used as an approximation of their diffusion coefficients in water. The same 247 

procedure described for the measurement of Da for polar organic compounds (section 3.6) was adopted also 248 

for measuring Da of non-polar compounds, except for the spiking procedure which required additional steps 249 

due to the high hydrophobicity of these compounds. One agarose gel was transferred to a glass tube 250 

containing 2 mL of artificial freshwater. A methanol solution (~20 µL) containing 10 µg of fluoranthene, 251 

trifluralin, HCB, and heptachlor, and 1 µg of PCB-24, -52, -101, and -153, was added to the freshwater 252 

solution. To ensure penetration of compounds into the gel, the tube was vortexed for 1 min and sonicated for 253 

1 h. Two contact times were investigated, 20 and 90 min. At the end of the experiment, the stack was 254 

disassembled, each gel transferred to a glass tube and 10 ng of IS added to samples. Agarose gels were 255 

extracted using 4 mL of ethyl acetate, vortexed for 1 min and sonicated for 5 min. Extracts were collected in 256 

a clean glass tube and the procedure repeated one more time. Combined extracts were blown down to 257 

dryness under a gentle flow of N2 and reconstituted in 100 µL of ethyl acetate. Measurements of Da for polar 258 

and non-polar compounds were performed in triplicate. 259 

 260 

3.7 Laboratory exposure test  261 
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A solution of moderately-hard artificial freshwater (40 L), prepared following the procedure previously 262 

described
25

 (major ions NaHCO3, CaSO4, MgSO4, and KCl) was transferred into a stainless steel tank and 263 

directly spiked with metals (Cd, Cu, Mn, Ni, Pb, Zn) and polar organic compounds (carbamazepine, diuron 264 

and isoproturon) to achieve water concentrations of approximately 5 µg/L and 100 ng/L, respectively. Due to 265 

the hydrophobicity of non-polar organic compounds, which frequently results in decreasing concentrations in 266 

the aqueous phase over relatively short periods of time (e.g., hours/days), a passive dosing approach was 267 

adopted for controlling their concentration in the exposure solution. A silicone rubber strip (1 g) was spiked 268 

with target compounds following a procedure described previously.
28

 The amount spiked was approximately 269 

5 µg of fluoranthene, 14 µg of HCB and trifluralin, 130 µg of heptachlor, and 50 µg of PCB-28, -52, -101, 270 

and -153. The passive dosing approach aimed to achieving aqueous phase concentrations of approximately 271 

10 ng/L for all compounds. Pollutant concentrations were periodically monitored throughout the experiment 272 

(n=7). 273 

The software Visual MINTEQ (3.1) was used to predict the speciation of metals in the experimental 274 

conditions used. All metal forms were predicted to be below saturation levels and were assumed to be fully 275 

labile in the APS time scale (equivalent to the DGT time scale). All organic compounds were assumed to be 276 

in forms fully available for adsorption/absorption by HLB and SR, and complexation of metals by spiked 277 

organic compounds was assumed to be negligible.  278 

The exposure experiment was conducted in a climate chamber set to 15.0 ± 0.1 °C. The exposure 279 

solution was aerated and stirred using a submergible propeller. Water quality parameters in the exposure 280 

solution were: T = 15.3 ± 0.1 °C, pH = 8.0 ± 0.1, conductivity = 301 ± 15 µs/cm, and oxygen = 102 ± 1% 281 

(n=5). APS devices (n=3) were exposed to the spiked solution for 48 h. Aliquots of exposure medium (5 mL, 282 

5 mL, and 350 mL, for metal, polar and non-polar organic compounds, respectively) were collected over the 283 

exposure period (n=7) for the determination of total concentrations. The flow rate within each APS device 284 

was electronically monitored (6.85 ± 0.23, 6.90 ± 0.21, and 6.85 ± 0.16 cm
3
/s for the three devices, 285 

respectively). At the end of the exposure, APS devices were rinsed with deionised water for 1 min to clean 286 

the diffusion cells. The receiving phases (i.e. Chelex gels, HLB gels, and SR strips) were removed from each 287 

device and stored at 4 °C until analysis.  288 
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The interpretation of APS measurements relied on the assumption that a steady-state flux held for 289 

the entire duration of the deployment for all substances investigated, and that all receiving phases operated in 290 

their linear uptake range.  291 

 292 

3.8 Active-passive sampling apparatus 293 

The APS device consists of a polyether ether ketone (PEEK) diffusion cell (Figure 1; Figure 1S of the 294 

Supporting Information) connected to a pump (inlet, 12V, 6W, adjustable flow rate 1-350 L/h) and a flow 295 

meter (outlet, G1/8" Water Flow Sensor, 0.3~6.0 L/min). The diffusion cell is supplied by the pump 296 

(submerged in the exposure solution) and the flow rate within the diffusion cell is continuously monitored by 297 

the flow meter. The diffusion cell is comprised of two blocks separated by a 0.50 cm thick spacer (Figure 1). 298 

One 2.50×10.50×0.050 cm
3
 pocket is machined on the upper block to accommodate a silicone rubber sheet, 299 

whilst two pockets of 2.50×2.50×0.12 cm
3
 and 2.50×4.50×0.12 cm

3
 are machined in the bottom block to 300 

accommodate a Chelex and a HLB binding gel, respectively. 301 

 302 

INLET OUTLET

a)

b)
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Figure 1. a) Schematic and b) cross-section (not to scale) of the APS diffusion cell. The top block 303 

accommodates a SR strip for the measurement of non-polar compounds, whereas HLB and Chelex binding 304 

gels (topped with an agarose and polyacrylamide gel, respectively) are placed in the bottom block and allow 305 

the measurement of polar compounds and metals, respectively. The size of the cavity of the spacer dictates 306 

the dimension of the diffusion channel (16.2×2.0×0.5 cm
3
). Water sealing is ensured by two o-rings placed in 307 

circular cavities machined in both top and bottom blocks.  308 

 309 

To allow a direct comparison with other passive sampling techniques (i.e., DGT and organic DGT (o-DGT)), 310 

Chelex and the HLB binding gels were topped with a polyacrylamide and an agarose diffusive gel, 311 

respectively. All receiving phases are held to the correspondent block using covering plates with 2.00×10.00, 312 

2.00×2.00 and 2.00×4.00 cm
2
 sampling windows, for SR, Chelex, and HLB binding gels, respectively. A 313 

spacer with a 2.00×0.50×15.40 cm
3
 cavity is placed between the two blocks, forming a diffusion channel 314 

which allows a laminar flow within the diffusion cell. The two blocks and spacer are sandwiched between 315 

two aluminium plates held together by screws. Water sealing is assured by o-rings placed in each of the two 316 

blocks. 317 

 318 

4. Results and discussion 319 

4.1 Extraction and method recoveries  320 

Extraction recoveries from HLB binding gels and SR strips ranged between 81 and 101 %, and between 90 321 

and 112%, respectively (Table S1 of the Supporting Information (SI)). Extraction recoveries from discrete 322 

water samples ranged between 98 and 106 %, and between 49 and 95% for polar and non-polar organic 323 

compounds, respectively (Table S2 of the SI). Method recoveries for the measurement of total polar organic 324 

compound concentrations in discrete water samples were 114, 120 and 148%, for carbamazepine, 325 

isoproturon and diuron, respectively. While analogous mass labelled compounds were used as IS for 326 

carbamazepine and isoproturon (i.e., carbamazepine-d2 and isoproturon-d6), the lower accuracy obtained for 327 

diuron was likely due to the use of isoproturon-d6 as the IS for this molecule. Method recoveries for the 328 

measurement of total non-polar organic compound concentrations in discrete water samples ranged between 329 

66 and 104% (Table S1 of the SI). Extractions recoveries from Chelex binding gels have been previously 330 

reported.
10,29,30

 331 
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332 

4.2 Diffusion coefficient measurements 333 

Concentration distributions within agarose gel stacks (Figure 2; Figure S2 of the SI) were used to generate 334 

normal distribution curves useful for estimating the Da of polar and non-polar organic compounds (eq. 7) 335 

(Figure S3 of the SI). For polar organic compounds, a contact time of 20 min was found suitable for 336 

calculating Da as it ensured a significant concentration gradient within the stacks (Figure 2; Figure S2 of the 337 

SI). Conversely, a contact time of 60 min caused polar compounds to approach equilibrium within the stack, 338 

therefore, data obtained from this experiment could not be used to estimate Da. For carbamazepine, diuron, 339 

and isoproturon, Da were 2.74 ± 0.13, 3.28 ± 0.02, and 2.81 ± 0.08 ×10
-10

 m
2
/s, respectively (mean ± SE,340 

n=3) (Table 1). Values for carbamazepine were consistent with those measured in previous work,
11

 and 341 

similar to Da measured for other pharmaceuticals.
31

 Different results were obtained with the diffusion cell342 

method, which provided systematically greater Da for all polar organic compounds (3.91, 3.99 and 3.75×10
-343 

10
 m

2
/s for carbamazepine, diuron and isoproturon, respectively; Table S3 of the SI; Figure S4 of the SI). 344 

Since better agreement was achieved between Da obtained using the stack of gels method and Da previously 345 

reported in the literature for carbamazepine,
11

 results obtained with this method were used for calculations of 346 

APS concentrations. 347 

348 

Table 1. Octanol-water partitioning coefficients (Kow), diffusion coefficients (D), the average water 349 

boundary layer thickness ( ), diffusive gel thickness (Δg), and sampling rates (Rs) relative to the substances 350 

investigated in this study. 351 

Substance logKow D (×10
-10

 m
2
/s)   (×10

-6
 m) Δg (m) 

Cd na 4.57
a
 118 8.0E-04 

Cu na 4.68
a
 119 8.0E-04 

Mn na 4.39
a
 116 8.0E-04 

Ni na 4.33
a
 116 8.0E-04 

Pb na 6.03
a
 129 8.0E-04 

Zn na 4.56
a
 118 8.0E-04 

Carbamazepine 2.45
c
 2.74 ± 0.13

b
 68 ± 1 7.5E-04 
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Diuron 2.85
d
 3.28 ± 0.02

b
 72 ± 0 7.5E-04 

Isoproturon 2.5
d
 2.81 ± 0.08

b
 69 ± 1 7.5E-04 

Fluoranthene 5.22
e
 2.59 ± 0.39

b
 78 ± 4 na 

Trifluralin 5.34
f
 2.49 ± 0.47

b
 77 ± 5 na 

Data relative to polar and non-polar organic compounds are means ± SE (n=3). 
a
Diffusion coefficients in 352 

polyacrylamide hydrogels were obtained from www.dgtresearch.com for T = 15°C. 
b
Diffusion coefficients in 353 

agarose hydrogels were determined with the stack of gels method. For non-polar organic compounds 354 

(fluoranthene and trifluralin), diffusion coefficients in agarose hydrogels were used as an approximation of 355 

diffusion coefficients in water.   were calculated based on eq. 4.; for metals,   was calculated using 356 

diffusion coefficients in water
19

 (see section 4.3); for organic compounds,   was calculated using diffusion 357 

coefficients measured in agarose hydrogels. na: not applicable. 
c
Lee et al.;

32
 

d
Wittmer et al.;

33
 

e
Mackay et 358 

al.;
34

 
f
Schmitt et al.

35
  359 

http://www.dgtresearch.com/
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 360 

Figure 2. Examples of concentration distributions in the stacks used to calculate diffusion coefficients in 361 

agarose gels (15 °C) (mean ± SE, n=3). Data points are the mass measured in each gel composing the stack 362 

(Cx) divided by the mass measured in the source gel of each stack (Cs). The contact time was 20 (full 363 

circles) and 60 min (empty circles), and 20 (full circles) and 90 min (empty circles) for polar and non-polar 364 

organic compounds, respectively. For all experiments, six gels composed the stacks except for polar organic 365 

compounds at contact time 60 min, which were performed using five gels. 366 
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Fluoranthene and trifluralin showed trends similar to those observed for polar organic 367 

compounds (Figure 2). Also for these molecules, data obtained from the experiment at 20 min contact 368 

time were used to calculate Da (2.59 ± 0.39 and 2.49 ± 0.47 ×10
-10

 m
2
/s for fluoranthene and369 

trifluralin, respectively (mean ± SE, n=3; Table 1). Conversely, almost identical trends were observed 370 

for HCB and PCB-153 between contact times 20 and 90 min (Figure S2 of the SI). This could be due 371 

to adsorption on agarose gels, which may have hampered diffusion across the stack. However, 372 

concentrations in the whole stack measured after 90 min contact time were generally lower than those 373 

measured after 20 min by a factor of <2 (except for heptachlor, PCB-52 and -101 which were ~16, ~9 374 

and ~5 times lower, respectively), suggesting that evaporation of some of these compounds likely 375 

occurred. This may have introduced a certain degree of uncertainty in the measurement, especially for 376 

the experiment conducted at 90 min contact time. Overall, Da calculated for heptachlor, HCB, and 377 

PCBs at 20 min contact time were up to one order of magnitude smaller than those measured for 378 

fluoranthene, trifluralin, and polar organic compounds (Table 1; Table S4 of the SI). This indicated 379 

that the stack method was not suitable for measuring Da for these compounds, potentially due to 380 

adsorption on agarose gels. 381 

382 

4.3 Estimation of the diffusion layer thickness in solution 383 

In order to predict   using eq. 4, diffusion coefficients of metals in water at the experimental 384 

temperature (15° C) were estimated using the following equation:
10

 385 

logDt = 
                             

     
    

          

   
         Eq. 8 386 

where t is temperature (in °C) and D25 is the diffusion coefficient of a given metal at 25° C.
19

 The 387 

average diffusion layer thickness   in solution was generally greater for metals compared to organic 388 

compounds (Table 1). This was likely due to the position of the receiving phases relative to the input 389 

of the diffusion cell, as δ is predicted to increases with increasing distances from the point source.
18

 390 

While estimated diffusion coefficients of metals in water (between 6.79 and 9.45×10
-10

 m
2
/s) were 391 

greater than those estimated for organic compounds (Table 1), the position of a given receiving phase 392 
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within the diffusion cell appeared to have a stronger impact on  . However, the assumption that 393 

diffusion coefficients of organic compounds measured in agarose gels were a fair approximation of 394 

those in water may have introduced some degree of uncertainty. Overall, estimated   were consistent 395 

with those measured in previous studies by simultaneously deploying DGT probes with different 396 

diffusive gel layer thicknesses Δg under moderate to fast flow velocities (>2 cm/s),
11,36

 suggesting that 397 

this approach provided a satisfactory approximation of δ within the diffusion cell of the APS device. 398 

 399 

4.4 Total concentrations in discrete water samples  400 

Total concentrations measured in discrete water samples were relatively constant over the exposure 401 

period for all the three classes of contaminants investigated (Figure 3). Metal concentrations (µg/L) 402 

were: Cd, 4.06 ± 0.09; Cu, 3.34 ± 0.07; Mn, 6.17 ± 0.06; Ni, 5.31 ± 0.05; Pb, 2.96 ± 0.13; and Zn, 403 

17.50 ± 0.24 (mean ± SE). These concentrations were overall below or slightly above environmental 404 

quality standards for continental waters
37

 (except for Cd) and could be representative of relatively 405 

unpolluted aquatic environments.
38

 The nominal concentration for all metals was 5 µg/L, however, 406 

considerably lower total Cu and Pb, and higher Zn concentrations were measured during the test. For 407 

Zn, the much higher total concentration was likely due to contamination (i.e., release from container 408 

walls), whereas for Cu and Pb, lower concentrations could be due to precipitation of insoluble 409 

inorganic complexes, and/or adsorption on container walls. To assist with the interpretation of Cu and 410 

Pb measurements, the chemical speciation of these metals was investigated using the software Visual 411 

MINTEQ (for the physico-chemical parameters used see section 3.7). Cu and Pb were predicted to be 412 

largely associated with carbonates (87 and 75% for Cu and Pb, respectively), whereas other metals 413 

were predicted to be mainly present in their free ion form (70-84%). While the speciation software 414 

indicated Cu and Pb carbonates to be below saturation levels, these chemical forms may have 415 

precipitated resulting in decreasing bulk concentrations.  416 

Concentrations of carbamazepine, diuron, and isoproturon were 111 ± 1, 137 ± 1, and 121 ± 1 417 

ng/L (mean ± SE), respectively (Table 1), and were in the range of concentrations commonly found in 418 

natural freshwaters.
39–41

 Also concentrations of non-polar organic compounds were relatively constant 419 

throughout the test (6.60 ± 0.57, 14.42 ± 1.17, 5.07 ± 1.49, 2.13 ± 0.11, 8.36 ± 0.58, 5.66 ± 0.49, 2.11 420 
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± 0.13 and < 2 ng/L for fluoranthene, heptachlor, HCB, trifluralin, PCB-28, -52, -101, -153, 421 

respectively (mean ± SE, n=7)) and consistent with concentrations generally found in natural 422 

freshwaters, except for PCBs, HCB and heptachlor, which frequently occur at pg/L levels.
42–44

 The 423 

relatively stable concentrations measured in the exposure solution indicated that the passive-dosing 424 

approach used was appropriate for performing exposure tests with these hydrophobic compounds. In 425 

addition, SR strips did not affect polar organic compounds concentrations in the experimental set-up 426 

used. 427 

 428 

Figure 3. Total concentration of metals, polar organic compounds, and non-polar organic compounds 429 

measured in individual discrete water samples collected during the 48-h laboratory exposure 430 

experiment.  431 
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4.5 Comparison between APS and total concentrations  432 

The APS technique combines existing passive sampling technologies with a flow-through system to 433 

control the hydrodynamic conditions in the sampling medium. The passive components, i.e. DGT, o-434 

DGT, and SR sheets, have been extensively validated elsewhere.
7,10,11,45,46

 Metal concentrations 435 

measured using the APS device were overall consistent with total concentrations found in discrete 436 

water samples (Figure 4). APS concentrations of Cd, Mn, Ni and Zn were between 87 and 116% of 437 

total concentrations, whereas APS-Cu and -Pb were only 52 and 48% of total concentrations, 438 

respectively. Depending on the chemical speciation in the water body, passive samplers may measure 439 

only a fraction of the total pollutant present in water (i.e., free ion/molecule and complexes that are 440 

labile on the time scale of the device).
47

 Therefore, concentrations obtained using passive sampling 441 

measurements may be lower than total concentrations. However, in the experimental conditions used 442 

herein (i.e., artificial freshwater), it is unlikely that strong organic complexes and/or considerable 443 

particulate suspension occurred during the test. Thus, factors that may have caused lower APS-Cu and 444 

-Pb concentrations include (i) the presence of colloidal Cu and Pb with lower diffusion coefficients 445 

from those of the correspondent free ions,
48

 (ii) accumulation of such colloids on the diffusive gel 446 

layer, (iii) size-exclusion of (relatively large) colloidal Cu and Pb that exceeded the pore size of the  447 

diffusive gel layer,
48–50

 and (iv) adsorption of Cu and Pb colloids on one or more components of the 448 

APS device.  449 

APS concentrations of carbamazepine and isoproturon were also in strong agreement with 450 

total concentrations measured in discrete water samples (101 and 94% of total concentrations, 451 

respectively), whereas APS concentrations of diuron were only 64% that of total diuron (Figure 4). 452 

Reliable predictions of total concentrations were also obtained for fluoranthene (109%), and, to a 453 

lower extent, trifluralin (151%) (Figure 4). APS concentrations of heptachlor, HCB, PCB-28, -52, -454 

101, and -153 could not be accurately measured due to the inability of the methodology used in this 455 

work to provide reliable estimates of Da for these compounds. However, diffusion coefficients are not 456 

expected to vary significantly between molecules of similar molecular weight and polarity, such as 457 

the hydrophobic compounds investigated in this study. If the average of the Da measured for 458 

fluoranthene and trifluralin is used as an approximation of Da for all non-polar organic compounds, 459 
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concentrations of heptachlor, HCB, PCB-28, -52, and -101 obtained with the APS device are in strong 460 

agreement with total concentrations (92-138% accuracy) (Figure 4).  461 

    462 

Figure 4. Ratios between APS (n=3) and total (TOT) concentrations in discrete water sample (n=7) 463 

measured during the 48-h laboratory exposure. 464 
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The theory underpinning the DGT, o-DGT and similar techniques based on the use of 465 

diffusive hydrogels
12

 assumes that, in the case of relatively fast water flow, δ is negligible compared 466 

to Δg.
11,36,47

 This hypothesis was tested by calculating ratios between APS concentrations obtained by 467 

neglecting   and APS concentrations measured including   in eq. 3. Concentration ratios were 468 

approximately 0.88 and 0.91 for metals and polar organic compounds, respectively. These results 469 

were consistent with the flow velocity measured within the diffusion cell (6.85 ± 0.23, 6.90 ± 0.21, 470 

and 6.85 ± 0.16 cm/s for the three devices, respectively), which corresponded to a relatively small   471 

(Table 1).
11,14,36

 However, including   (Table 1) in eq.1 resulted in increased agreement between APS 472 

and total concentrations for Cd (from 76 to 87%), Cu (from 45 to 52%), Mn (from 84 to 96%), Ni 473 

(from 85 to 97%), and Pb (from 41 to 47%), but not for Zn (from 101 to 115%). These estimates 474 

should be interpreted taking into account potential error introduced by assuming a perfect sink at the 475 

hydrogel/medium interface. Similarly, improved accuracy was also achieved for diuron (from 58 to 476 

66%), isoproturon (from 86 to 94%) and carbamazepine (from 92 to 101%). While the level of 477 

agreement between measurements that assumed negligible   and those that did not was satisfactory in 478 

the experimental conditions investigated in this study, in low water flow conditions, passive sampling 479 

devices would most likely provide inadequate measurements of dissolved pollutant concentrations 480 

unless the magnitude of δ is taken into account (i.e. additional measurements and analysis).
10,11,14

 In 481 

contrast, an APS approach would be expected to provide robust measurements that are fully 482 

independent from the hydrodynamic conditions in the bulk exposure medium.   483 

 484 

5 Conclusions 485 

Although the mechanistic understanding of passive sampling has improved over the last decades, and 486 

efforts are being made to promote its acceptance in regulatory frameworks,
51,52

 the use of passive 487 

sampling devices in routine environmental monitoring is still rather limited. This is likely due to the 488 

lack of standardized calibration procedures and uncertainty related to passive sampling measurements. 489 

The suitability of the APS approach for simultaneously measuring a wide range of pollutants, 490 

occurring in the environment at very different concentration levels, was confirmed by the overall 491 
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satisfactory level of accuracy obtained by comparing APS and total concentrations. This work 492 

suggests that the APS approach could be useful for providing time-averaged measurements that are 493 

fully independent from hydrodynamic conditions in the bulk of the water body, leading to more 494 

reliable and robust assessments of pollutant concentrations in water, and supporting the 495 

implementation of integrative in situ tools in water monitoring programmes.  496 

 497 
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