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Abstract:

 Many municipalities in Denmark and around Europe currently work towards separating stormwater and sewage. In existing urban areas this may imply disconnecting stormwater from the old combined sewer systems suffering from hydraulic overloading and discharging directly to nearby surface waters. Stormwater runoff may, however, be heavily polluted and Best Available Technologies (BAT) are therefore needed to treat the stormwater before discharge. The aim here was to determine the sizes of particles found in stormwater from roads and to evaluate the use of a cationic organic flocculant to increase the size of the particles and thereby increase the removal efficiency of a 10 µm woven polyester disc filter. The samples were collected in connection with a project testing a pilot scale disc filter for treating stormwater runoff. The micro-sized particles were found to be mainly below 10 µm (6.9–19 µm) and nano-sized particles were also observed (ca. 76–228 nm). The flocculent increased the observed particle micrometer sizes by 46% and the removal of particle-associate Polycyclic Aromatic Hydrocarbons (PAHs) was confirmed. The majority of the particles were, however, still below 10 µm after addition of flocculant, which shows that application of flocculants with the woven disc filter technology for stormwater treatment needs further refinement.
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1. Introduction

On 2 July 2011, a cloudburst hit the Copenhagen area, Denmark, with 30–90 mm of rain during 24 h and a maximum intensity of 3.1 mm/min over minutes at the worst hit location [1]. The damage caused by combined sewer surcharges and flooding of roads and buildings, including health effects, was estimated to be 0.64 billion Euro [2]. This major cloudburst combined with smaller cloudbursts the years before and after, together with daily problems with hydraulic overloading of combined sewers, has increased the public awareness especially through intensive media coverage. The necessity to separate stormwater from wastewater, using either Water Sensitive Urban Design principles where stormwater management is integrated in the planning of urban space [3], or classical separate storm drains is consequently often discussed. From a water utility point of view, a particularly attractive form of stormwater management is to construct separate storm drainage systems for traffic areas, which are publicly owned and therefore accessible for retrofitting by water utilities and thereby discharge the stormwater runoff directly into surface waters.

Stormwater runoff from urban areas, and in particular from traffic areas, however contains physical, chemical and microbial pollutants, which adversely influence the quality of surface water. Nutrients, i.e., nitrogen (N) and phosphorous (P), particles >0.45 µm [4,5,6], heavy metals like lead (Pb), zinc (Zn), copper (Cu), cadmium (Cd), chromium (Cr) and nickel (Ni), macro ions like sodium (Na) and chlorine (Cl) [7,8], and organic pollutants like Polycyclic Aromatic Hydrocarbons (PAH) [9,10,11] are typically found in elevated concentrations in urban stormwater. Most of these pollutants are also included in the European Directives (2008/105/EC) [12] and (2013/39/EU) [13] for priority substances in waters, which means that binding targets are set to phase them out or reduce their emission in order to achieve water quality targets. More than 600 other compounds have been identified in stormwater runoff [14,15]. Keeping and restoring good ecological and chemical status in receiving waters is one of the main goals in the European Union (EU) Water Framework Directive (WFD) (2000/60/EC) [16]; this may prevent discharging stormwater runoff to surface waters without any kind of treatment.

Approaches to control stormwater runoff, not only during cloudbursts but also to reduce the impact of stormwater discharges to surface waters during small and moderate size rainfall events, has received increasing attention in recent years, and there is currently interest in developing treatment techniques that can be classified as Best Available Technologies (BAT) [17], a term generally used for best practices considering costs in European and American environmental regulations, for treatment of stormwater runoff. A complicating factor is that stormwater treatment requires large storage volumes that can detain flow temporarily and ensure a slow steady flow through several treatment steps. Furthermore, several stormwater priority pollutants (notably heavy metals and PAHs) may be associated with colloidal solid material (<1 µm) [18] suspended in the water phase, which makes conventional treatment challenging. Detention and treatment using wet detention ponds is common in Denmark, and sedimentation of particles is the most important process in these. However, sedimentation is not effective for dissolved pollutants and colloids (<0.45 µm) and the temperate climate with cold winters reduces the rates of biodegradation. Colloids transported with the stormwater runoff, and their sorbed pollutants will therefore not settle in the detention pond and are discharged with the outlet water. A limitation of detention ponds is also that the retention time will be shortened during heavy rainstorms, allowing untreated stormwater, including both colloids and larger particles, to be discharged directly from the system. Therefore, more efficient, faster physical and chemical treatment processes such as disc filters in combination with chemical agents are being considered for treatment of stormwater runoff prior to discharging into surface waters, either as a stand-alone solution or as a final treatment step after a wet detention pond. Disc filter technologies may be used to treat stormwater runoff by passing it through a filter mesh removing particles and particle-associated pollutants. The particle removal efficiency of the disc filter is controlled by the sizes of the filter mesh; a larger mesh will lead small particles through the filter and the particle removal efficiency will be lower than a filter with a smaller mesh size. Use of filter technologies during heavy precipitation leading to high flows will not change the efficiency, since all collected stormwater runoff has to go by the filter.

To increase efficiency of not only the disc filter but also the detention pond, flocculation or coagulation agents can be used. Agglomeration or flocculation of particles will lead to a net increase in the size of particles, causing them to potentially settle in a pond or to be removed by the filter mesh in the disc.

The aim of this work was to investigate the treatment efficiency during realistic field conditions of a pilot scale disc filter with a 10 µm woven polyester mesh installed to treat stormwater runoff from a sub-urban catchment outside Copenhagen, Denmark. The particles considered were nano- and micro-particles, since particles bigger than 10 µm should be retained in the filter. This type of filter, which is already used for wastewater, but has not been tried on stormwater runoff, can potentially be considered a future BAT due to its limited spatial footprint, which means it can be installed in existing built-up areas and started quickly in response to rainy weather. Particular focus of the study was to measure the size distribution of nano- and micro-particles and their associated PAHs contamination at the inlet and outlet from the pilot filter and to evaluate the effects of adding an organic flocculent to increase the treatment efficiency.



2. Materials and Methods


2.1. Catchment, Test-Site and Treatment Technology

The catchment area from where stormwater runoff was collected, is located in the northwestern suburban parts of Copenhagen (Denmark), and consists mainly of small roads, driveways, and bike- and footpaths. The impervious part of the study area is approximately 3 km2 and has been disconnected from a larger 360 km2 combined sewer catchment by equipping it with a separate storm drainage system, which is shown as the bold solid line (red) in Figure 1. This retrofitted system was constructed in 2012 to disconnect stormwater from the old combined sewer system that suffered from frequent surcharge and inundations. The long-term plan is to discharge the treated stormwater into Lake Bagsvaerd, which is a shallow fresh water lake with a surface area of 1.22 km2 [19]. The lake has a high recreational value and is being used as the Danish national rowing center, by hobby anglers and (despite bathing prohibition) by swimmers, and the local environmental authority is therefore concerned about the quality of stormwater potentially being discharged. The retrofitted, separated storm drainage system is connected to a separate stormwater pipe for road runoff at Bagsvaerdvej (dashed green line in Figure 1). From this pipe, stormwater was extracted for the test site, and the remainder of the stormwater was transported via the combined system to a downstream wastewater treatment plant.

Figure 1. Catchment area circled with the dash (black) line, from where the stormwater runoff is collected. The bold line (red) indicates the separate sewer system. The dash (green) line indicates the stormwater-pipe system removing the stormwater from the area. The arrows indicate the flow direction. [20].
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At the test site, a pilot scale treatment train consisting of two 1 m3 in-line intermediate bulk containers (IBC) (for flocculation prior to the disc filtration) and a disc filter was set up (Figure 2). The two IBCs and the disc filter were connected in series, forcing the water to pass through both ICBs prior to treatment in the disc filter. The raw, untreated, stormwater was pumped into the treatment train using a water level controlled pump placed in the manhole between the road and footpath (Figure 2), yielding a continuous flow of approximately 3 m3/h during runoff events. The maximum capacity of the disc filter was not reached using this flow. In case of a higher flow in the sewer, the water level would increase and continue over the plank (Figure 2). The treated water and the reject water (filter wash-off) was discharged back into the sewer system.

Figure 2. Schematic drawing of the treatment train. Stormwater runoff was pumped from the departed storm sewer into the ICBs, from where it entered the disc filter, and after cleaning, both the outlet water and the reject water was led back to the downstream sewer.
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The treatment system at the test site was a HYDROTECHTM disc filter, model 1702-1, from Veolia Hydrotech AB, Vellinge, Sweden [21]. Figure 3A shows the backside of the disc filter and Figure 3B shows a conceptual drawing of a disc filter set up. The steel disc drum had a woven polyester filter mesh of 10 µm on both sides. The principle for the technology is gravity driven physical filtration of particulate matter ≥10 µm. The disc was partially (60%) submerged in the tank containing about 2.5 m3 of water. This gave a retention time (τ) of about 4 h for the water in the tank. Figure 3B shows how the inlet stormwater entered the disc filter via a trench that led the water to the inside of the filter drum, where the stormwater was filtered by passing through the filter mesh and into the tank. The outlet water was drained via the bottom of the tank. Regular hosing of the filter mesh from the outside was done creating highly concentrated reject water that was discharged to the downstream sewer.

Figure 3. (A) Shows the backside of the disc filter setup, where samples of the treated water (outlet water) were collected; (B) Schematic drawing of the disc placed inside the container disc filter container.
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The two IBCs placed before the disc filter were equipped with mechanical stirrers for mixing the stormwater with the organic flocculant, when this was added. The flocculant used was a cationic, non-toxic, starch-based biodegradable organic flocculant (Hydrex 6864), not expected to have any effect on the downstream aquatic biodiversity, due to the dilution factor. The water level inside the treatment system was at a constant level of around 1 m and the IBC remained half full, even when the treatment came to a halt due to lack of stormwater.



2.2. Sampling and Sample Handling

Two different stormwater runoff sampling campaigns were conducted during the test period. The first campaign was without addition of flocculant to establish the quality and the particle size distribution of the stormwater runoff and to test the efficiency of the filter treatment. The second campaign was with flocculant added to test the effect of adding the flocculant and thereby increase the particle sizes. These campaigns were conducted in the autumn of two consecutive years, 2012 and 2013. In the first campaign, no treatment besides the disc filter technology was applied (event 1, 2 and 3). In the second campaign, the organic flocculent was added in the IBC prior to the disc filtration (event 4, 5 and 6), but otherwise conducted as the first campaign. Both inlet and outlet samples were collected for all events. For event 1 and 6 reject water was also collected.

Inlet stormwater was sampled from the water being pumped from the separate stormwater pipe at Bagsvaerdvej, before the water entered the first IBC (Figure 2). Treated water was sampled at the effluent valve of the disc filter tank. Time-proportional sampling was conducted by two Hach–Lange online automatic samplers (Bühler 1029, Hach–Lange, Düsseldorf, Germany), with a time resolution of 5 min in-between samples. The inlet sampler started for each event when the flow exceeded 0.5 m3/h, and the outlet sampler started after 2 m3 of water had passed the filter. The automatic samplers were placed on top of coolers fitted with cooling elements and contained 24 acid-washed plastic bottles of 400 mL each. The samples were refrigerated at +4 °C within 24 h of the sampling, and all samples were pooled before analyses. All samples were “partial” event mean concentrations (see e.g., [22]), i.e., first-flush samples collected in the first 120 min. of each runoff event. To determine a change in particle size distribution (PSD) before and after treatment and when adding the flocculant, the use of first-flush samples contained sufficient information.

Wet and dry deposition (total deposition), i.e., rainfall that has not yet become stormwater runoff, was sampled in a 15 L glass container placed 100 m from the test site and 400 m from the catchment. The entrance was fitted with a 15 cm tube. To prevent leaf litter, insects and other debris from entering the container, the top of the tube was covered with glass fiber wool. The glass container was encased in a dark plastic container during sampling. Total deposition was sampled twice during the two stormwater sampling campaigns. Deposition 1 was collected during autumn 2012 and contained deposition for 56 days. Deposition 2 was collected during the spring/summer of 2013 and contained deposition for 87 days. For both campaigns, collection of deposition included the days where stormwater sampling took place. The total deposition samples were used as background samples, to determine which particle sizes and pollutants were collected by the urban surfaces from rainfall and dry deposition, i.e., excluding contributions from materials used and activities taking place on the catchment surfaces.



2.3. Physical Parameters and Particle Characterization

Total suspended solids (TSS) were analyzed according to international U.S. Environmental Protection Agency (EPA) standard Method 160.2 [23] using binder-free, borosilicate glass fiber filters with a pore size of 0.7 µm. Both pH and electric conductivity (EC) were measured using electrodes. Turbidity was measured using a Wissenschaftlich-Technische Werkstätten (WTW) turbidity meter as nephelometric turbidity units (NTU).

A Coulter Counter, MultisizerTM II with a 50 µm orifice, was used to count the number of particles in predefined size ranges (2–43 µm) [24]. Two hundred microliters of thoroughly mixed aliquot-samples in triplicates were suspended into a 20 mL isotonic solution and counted three times each. Calculations of the accumulated particle size distribution % (PSD), for the Coulter Counter, were adapted from [25] using Equation (1):
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(1)




A Malvern Zetasizer Nano ZS instrument (Malvern Instruments Ltd, Malvern, Worcestershire, UK) with a He-Ne laser at 633 nm was furthermore used to assess the nano- and colloidal-particle size distributions (0.01–1 µm). Samples were filtered by binder-free borosilicate glass fiber filters with a pore size of 1.2 µm following the manufacturer’s instructions. Zeta potential to determine the surface charge of the particles was also measured using the Malvern Zetasizer Nano ZS instrument.



2.4. PAH Analysis

Samples for analysis of 16 US EPA priority PAHs were filtered through binder-free, borosilicate glass fiber filters of 0.7 µm (suspended fraction) and the filtrates were collected and concentrated by solid phase extraction (SPE) by C18. The 16 PAHs were acenaphthene, acenaphthylene, anthracene, benzo[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[ghi]perylene, benzo[k]fluoranthene, chrysene, dibenz[a,h]anthracene, fluoranthene, fluorene, indeno[1,2,3-cd]pyrene, naphthalene, phenanthrene and pyrene. The extracts were analyzed on an Agilent 6890 gas chromatograph combined with an Agilent 5975C triple-axis mass-selective detector (GC-MS) (Agilent Technologies, Santa Clara, CA, USA). The procedure for the SPE was as follows: pH was adjusted to 2 using 10 mL 4 M phosphate buffer with pH of 2.2, and internal standard (pyrene-d10 (200 µg/L) in acetone) were added. A C18 SPE column was conditioned with 2 × 6 mL toluene:methanol (9:1), followed by 6 mL methanol and 6 mL deionized water. The acidified stormwater sample (1 L) was loaded onto the column using vacuum and the vacuum applied for an additional 1 h until completely dry. Subsequently the columns were frozen (−20 °C) prior to extraction. The PAHs were eluted from the thawed columns using 2 × 1 mL toluene: methanol (9:1) and a small amount of anhydrous Na2SO4 was used to remove residual water. When the two phases had separated the upper phase was transferred to a GC-MS vial.

The filters and their collected particles (particulate fraction) were freeze-dried and subjected to microwave assisted extraction (MAE) [26], and then the extracts were cleaned by SPE according to the same procedure as for the suspended fraction before GC-MS analysis. The MAE was performed on a Multiwave 3000 SOLV Microwave Platform System (Anton-Paar, Graz, Austria) in polytetrafluoroethylene (PTFE-TFM) liners and polyether ether ketone (PEEK) pressure jackets. Each filter was cut in pieces and extracted with 30 mL n-hexane:acetone (6:4) at 120 °C and approx. 4 bar for 40 min. The extraction vessels were subsequently kept at 4 °C for 15 min to ensure sufficient cooling. One hundred micrograms per liter pyrene-d10 and perylene-d12 in 2,2,4-trimethyl pentane was added as internal standard and the extract was subsequently evaporated to approx. 1 mL using a gentle stream of nitrogen. Clean-up was achieved on a Liquid (LC)-Florisil SPE column (Supelco, Bellafonte, PA, USA) conditioned with n-hexane:acetone (6:4). The clean-up was used to remove polar compounds in the sample and thereby give a cleaner matrix [27]. The flow-through was collected and the column was eluted with an additional 2 × 4 mL using n-hexane:toluene (4:1). A second evaporation step was performed to approx. 500 μL before GC-MS analysis.

The GC-MS (Agilent 6890) was used to measure the PAHs in the extracts originating from the suspended and particulate sub-samples. The GC was equipped with a 60 meter (m) × 0.25 mm inner diameter × 0.25 µm film thickness Zebron-5ms (Phenomenex, Torrance, CA, USA) column and a 5 m guard column (Phenomenex). The inlet temperature was held a 300 °C and splitless mode was used. Injected sample volume was 1 µL. The oven was programmed to a gradient temperature increase starting with 70 °C and increasing to 300 °C with 20 °C/min and held for 13 min. Last temperature increase was to 325 °C with 50 °C/min, when reached the temperature was held for 10 min. Helium was used as carrier gas and the flow was held constant at 1 mL/min. An Agilent 5975C detector was used and operated in selected-ion monitoring (SIM) mode with the MS source set to 230 °C and the quadropole to 150 °C.



2.5. Statistical Data Treatment

All data was treated statistically. When nothing else is noted, the statistical comparison of measurements was conducted using Students t-test, where p < 0.05 indicates no statistically significant difference between measurements.




3. Results and Discussion

The six stormwater runoff events were all preceded by a dry-period of at least 12 h. The rainfall event duration varied in the range 60–336 min and the precipitation varied in the range of 3.8–14.4 mm.


3.1. Physical Parameters

Table 1 shows an overview of the physical parameters measured for each sample. The pH of rainwater is normally found to be in the range of 4.0–4.9, with the lowest pH found under summer thunderstorms (e.g., [28]). The pH of the total deposition collected in campaign 1 (autumn) was found to be 3.5, while the deposition collected in campaign 2 (spring/summer) had a pH of 6.2. This relative difference could be due to seasonal differences, where the atmosphere contains less NOx in the spring/summer period compared to the autumn [29]. The pH in the collected stormwater runoff was found to be in the range normally found (3.9–9.8, cf.) [14,15]. When comparing the pH in all six events, no significant change was seen between the inlet and the outlet samples. In the samples with flocculant added, no statistically significant change in the pH was seen between samples without and with flocculant. This confirms that the organic flocculant is not affecting the pH.


Table 1. Partial event mean concentrations (pEMCs) of pH, EC, turbidity and TSS from the six different rain events and the two total deposition samples. Inlet = untreated stormwater runoff sampled before entering the disc filter, Outlet = treated water after treatment in the disc filter.



	
Rain Event

	
Depth (mm)

	
Max Intensity (µm/s) a

	
Storm Duration (min)

	
pH

	
% Change

	
EC (µS/cm)

	
% Change

	
Turbidity (NTU)

	
% Change

	
TSS (mg/L)

	
% Change




	
Inlet

	
Outlet

	
Inlet

	
Outlet

	
Inlet

	
Outlet

	
Inlet

	
Outlet






	
Without flocculant

	
1

	
6.0

	
1.4

	
86

	
6.7

	
6.4

	
4.5

	
60

	
50

	
17

	
16

	
12

	
25

	
18

	
5

	
72




	
2

	
4.6

	
0.53

	
256

	
7.0

	
7.1

	
−1.4

	
50

	
40

	
20

	
12

	
12

	
<0.01

	
31

	
13

	
58




	
3

	
3.6

	
0.46

	
209

	
6.5

	
6.6

	
−1.5

	
850

	
960

	
−13

	
33

	
30

	
9.1

	
659

	
623

	
5.5




	
Deposition1 * (autumn)

	
-

	
-

	
-

	
3.5

	
-

	
-

	
91

	
-

	
-

	
0.8

	
-

	
-

	
n.a.

	
-

	
-




	
With flocculant

	
4

	
1

	
1.0

	
450

	
n.a.

	
n.a.

	
n.a.

	
280

	
247

	
12

	
16

	
6

	
63

	
10

	
2

	
80




	
5

	
2.6

	
0.44

	
117

	
7.4

	
7.2

	
2.7

	
836

	
17

	
98

	
109

	
27

	
75

	
172

	
13

	
92




	
6

	
14

	
1.98

	
246

	
6.9

	
7.0

	
−1.5

	
168

	
171

	
−1.8

	
80

	
11

	
86

	
91

	
7

	
92




	
Deposition 2 ** (spring/summer)

	
-

	
-

	
-

	
6.2

	
-

	
-

	
13

	
-

	
-

	
2.2

	
-

	
-

	
n.a.

	
-

	
-






Notes: Single samples representing the total deposition during * 56 days and ** 87 days; n.a. = not analyzed; a Maximum intensity calculated from 1 h rain.




Before event 3 occurred, the temperature had fallen close to the freezing point and therefore, de-icing agents had been used on the roads. As a result, the stormwater runoff from this event contained de-icing salt, which is reflected in the unusually high EC.



The turbidity measured in the two total deposition samples were both below 2 NTU. The low turbidity values compared to what was found in the stormwater runoff samples, indicates release of particles from the surfaces that the precipitation has come in contact with during runoff. The EC increase seen for event 3 and 6 from the inlet to the outlet water could not be described by the treatment technology.

In the first stormwater runoff sample campaign, lower particulate matter, reflected in the low TSS concentrations (Table 1), was measured in event 1 and 2 compared to the third event. The higher TSS observed in event 3 could be evidence of de-icing agents applied on the roads before the third event [30,31]. The concentrations of TSS seen in the inlet water of all the six events ranged from 10 to 659 mg/L. This wide range is not unusual, Göbel et al. [7] have reported differences in TSS concentrations from 66 to 937 mg/L in runoff from areas with different traffic intensity, and event-to-event TSS variations at the same site are also commonly observed (e.g., [7]).

The stormwater samples treated with both flocculant and disc filter technology showed an increase in removal efficiency for turbidity and TSS. The addition of flocculant in event 4, 5 and 6 gave removal efficiencies for turbidity from 62% to 86%, compared to 0%–25% for event 1, 2 and 3. The TSS measurements also showed higher removal efficiencies after adding flocculant prior to filter treatment. A higher absolute decrease in EC between inlet and outlet was also observed for samples containing flocculate (for event 4 and especially event 5).

The preferred way to test the efficiency of the flocculation would have been to apply both methods during the same event. However, it is common to test pilot scale experiments over extended periods, and thereby compare different events and different test methods against each other [32,33,34]. To ensure a valuable frame of reference, a one-way ANOVA test using Tukey’s Multiple Comparison was applied to the measured physical parameters for all the inlet samples. The test showed that no significant difference was seen between the six inlet samples (p-value < 0.05). The increased removal efficiencies seen for event 4, 5 and 6 are therefore not coursed by seasonal changes, but by addition of flocculant.



3.2. Particle Size

Particle size measurements showed that the majority of the particles measured by the Coulter Counter were smaller than 10 µm in diameter (d. µm). Figure 4 illustrates the measurements for all six events, showing both the inlet and outlet stormwater samples. The inlet samples from event 1 showed that 95% of the measured particles were found to be 5.2 d. µm or smaller. The inlet sample for event 4 showed that 95% of the particles were 4.9 d. µm or smaller. The inlet sample for event 2 contained the largest particles, while the inlet sample from event 4 contained the smallest particles.

Figure 4. Micro-particle diameter size distribution (2–43 µm) measured on Coulter Counter. Inlet = untreated runoff stormwater before entering the disc filter, outlet = treated water after passing through the 10 µm disc filter. The thin horizontal line indicates the 95% accumulated volume. Note the logarithmic scale on the horizontal axis.
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An increase in the particle sizes (d. µm) was observed for the outlet samples. For event 1, where no flocculant was added, 95% of the particles were smaller than 5.2 d. µm in the inlet sample and 5.8 d. µm in the outlet sample. This gave a 5% increase in particle size. For event 4, where flocculant was added, the increase was 21%, with 95% of the particles smaller than 4.8 d. µm for the inlet sample and 6.1 d. µm for the outlet sample.

The PSD results were statistically tested and no significant difference in particle sizes between inlet and outlet samples was found, despite addition of flocculant. The majority (95%) of the particles were smaller than 10 µm in diameter, both in the inlet and outlet samples, which is a major drawback for the tested disc filter technology. It employs a 10 µm woven mesh, which means that the majority of the particles will not be removed by the filter. This was also seen for event 5 and 6 where larger particles at the 95% accumulated volume were measured in the outlet water compared to the inlet water. The use of a smaller filter mesh would retain more particles, but a higher hydraulic head gradient would then be required and this is unfeasible with the employed disc diameter. In this test setup only one flocculant was tested. Another flocculant creating bigger particles could be a solution to the low removal efficiency.



The ZetaSizer measurements showed that nano-sized particles were present in the samples. The inlet samples had particles with a diameter range from 86 to 197 nm and the outlet samples had particles with a diameter range from 117 to 223 nm (Figure 5). However, no statistically significant difference was seen between the inlet and outlet samples. The samples collected during the second campaign (August/September 2013) in general contained smaller particles in both the inlet and the outlet than the samples collected in the first campaign (October 2012). This could be due to different activities or seasonal effects in the catchment.

Figure 5. Nanosize particle sizes measured on ZetaSizer. w/o = without flocculant, w/ = with flocculant. Inlet = untreated runoff stormwater before entering the disc filter, outlet = treated water after passing through the 10 µm disc filter.
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The surface tension of the particles was measured as the zeta potential, using the ZetaSizer. The zeta potential is describing the electrical potential interfacial layer between a solid and a liquid in an aqueous solution. A zeta potential between −30 and 30 mV indicates an unstable particle, given that the interfacial layers are not strong enough to separate particles and they will thus attract each other. The zeta potential is also a useful indicator of surface charges of the particles [35].

The measurements show that the particles had a negative surface tension ranging from −19 to −26 mV, both in the inlet and outlet samples. Statistical t-test calculations showed that no significant differences were observed between the inlet and outlet samples (p < 0.05). This consists with the particles having a composition of organic acids (fulvic and humic acid), sand and clay. The anionic surface of the particles should create larger particles with the cationic flocculant.

Even through there was no statistically significant difference in size for the measured nano-particles, the nano-sized PSDs differed in some samples between the inlet and outlet. As shown in Figure 6 the inlet particles were mono dispersed while the outlet particles in some of the events polymodally were dispersed. The change in particle dispersity from the inlet to the outlet samples may be explained by physical and biological processes acting throughout the treatment system, especially in the biofilm in the tanks. This could lead to agglomeration or dissociation of the particles, because the electrolytic ionic strength will be changed in the treatment system [36].

Figure 6. Nanosize particle size distributions measured on ZetaSizer. Inlet samples show monomodal distributions while outlet samples show polymodal distributions. Inlet = untreated runoff stormwater before entering the disc filter, outlet = treated water after passing through the 10 µm disc filter. Note the logarithmic scale on the horizontal axis.
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3.3. PAH

Fluoranthene, pyrene and naphthalene were found in the highest concentrations among the PAHs and were most frequently detected above the detection limits (Table 2). Measurements from event 3 were not available, meaning that all calculations and comparisons are only based on event 1, 2, 4, 5 and 6. The sums for all the 16 PAHs containing both the suspended and particulate fractions gave concentrations in the range of 1.1–4.7 µg/L PAHs in the inlet samples. For the outlet samples where no flocculate was added (event 1 and 2) the concentration decreased to be in the range 0.36–1.1 µg/L. The outlet samples where flocculate was added had a similar range (0.99–1.05 µg/L). The PAHs were predominantly found in the particulate fraction (>0.7 µm), as an average 82% (65%–92%) of the PAH in the inlet samples were in particulate form (Figure 7). No seasonal fluctuation effects were observed in the inlet concentrations (p = 0.83).

Figure 7. Box-plots of the sum of PAHs found in the inlet and outlet samples, subdivided into the particulate and suspended fraction. The bars indicate the highest and lowest concentration together with themedian, upper and lower quartile of total PAHs measured in the samples.
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Table 2. PAHs measurements from collected stormwater samples in µg/L. Both the particulate fractions (particles > 0.7 µm) (P) and the suspended fraction (particles < 0.7 µm) (S) is shown. Event 3 was not possible to measure. Measurements on two collected reject water samples have also been added.



	
Total sum PAHs (µg/L) a

	
Event




	
1

	
2

	
4

	
5

	
6

	
2

	
6




	
Inlet

	
Outlet

	
Inlet

	
Outlet

	
Inlet

	
Outlet

	
Inlet

	
Outlet

	
Inlet

	
Outlet

	
Reject

	
Reject




	
4.71

	
1.08

	
1.46

	
0.36

	
4.92

	
1.91

	
1.05

	
0.99

	
1.92

	
1.04

	
4.02

	
7.35






	
Sum PAHs (µg/L)

	
P

	
S

	
P

	
S

	
P

	
S

	
P

	
S

	
P

	
S

	
P

	
S

	
P

	
S

	
P

	
S

	
P

	
S

	
P

	
S

	
P

	
S

	
P

	
S




	
3.83

	
0.88

	
0.72

	
0.36

	
1.46

	
bld

	
0.364

	
bld

	
3.23

	
1.69

	
0.44

	
1.47

	
1.05

	
bld

	
0.86

	
0.13

	
1.73

	
0.19

	
1.04

	
bld

	
4.02

	
bld

	
7.24

	
0.11




	
Acenaphthene

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld




	
Acenaphthylene

	
0.05

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
0.02

	
bld

	
0.04

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
0.04

	
bld

	
0.07

	
bld




	
Anthracene

	
0.11

	
0.08

	
0.05

	
0.04

	
0.10

	
bld

	
0.02

	
bld

	
0.24

	
0.14

	
bld

	
0.12

	
0.07

	
bld

	
0.05

	
bld

	
0.11

	
0.03

	
0.07

	
bld

	
0.30

	
bld

	
0.58

	
0.03




	
Benzo[a]anthracene

	
0.21

	
0.07

	
bld

	
0.03

	
0.07

	
bld

	
bld

	
bld

	
0.07

	
0.10

	
bld

	
0.10

	
bld

	
bld

	
bld

	
bld

	
0.07

	
bld

	
bld

	
bld

	
0.22

	
bld

	
0.25

	
bld




	
Benzo[a]pyrene

	
0.21

	
0.07

	
bld

	
0.03

	
0.04

	
bld

	
bld

	
bld

	
0.05

	
0.12

	
bld

	
0.12

	
bld

	
bld

	
bld

	
bld

	
0.05

	
bld

	
bld

	
bld

	
0.12

	
bld

	
0.22

	
bld




	
Benzo[b]fluoranthene

	
0.25

	
bld

	
bld

	
bld

	
0.04

	
bld

	
bld

	
bld

	
0.07

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
0.05

	
bld

	
bld

	
bld

	
0.12

	
bld

	
0.24

	
bld




	
Benzo[ghi]perylene

	
0.22

	
0.07

	
bld

	
0.03

	
0.07

	
bld

	
bld

	
bld

	
0.10

	
0.11

	
bld

	
0.12

	
0.02

	
bld

	
bld

	
bld

	
0.08

	
bld

	
0.03

	
bld

	
0.23

	
bld

	
0.35

	
bld




	
Benzo[k]fluoranthene

	
0.40

	
n.a.

	
bld

	
n.a.

	
0.12

	
n.a.

	
bld

	
n.a.

	
0.15

	
n.a.

	
bld

	
n.a.

	
0.03

	
n.a.

	
0.03

	
n.a.

	
0.14

	
n.a.

	
0.05

	
n.a.

	
0.40

	
n.a.

	
0.55

	
n.a.




	
Chrysene

	
0.25

	
0.05

	
bld

	
bld

	
0.04

	
bld

	
bld

	
bld

	
0.04

	
0.08

	
bld

	
0.07

	
bld

	
bld

	
bld

	
bld

	
0.03

	
bld

	
bld

	
bld

	
0.08

	
bld

	
0.19

	
bld




	
Fluoranthene

	
0.63

	
0.12

	
0.2

	
bld

	
0.30

	
bld

	
0.09

	
bld

	
0.76

	
0.22

	
0.12

	
0.20

	
0.20

	
bld

	
0.23

	
0.04

	
0.38

	
0.04

	
0.28

	
bld

	
0.89

	
bld

	
1.6

	
bld




	
Fluorene

	
bld

	
0.03

	
bld

	
bld

	
0.02

	
bld

	
bld

	
bld

	
bld

	
0.09

	
bld

	
0.06

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
bld

	
0.03

	
bld




	
Indeno[1,2,3-cd]pyrene and Dibenz[a,h] anthracene

	
0.23

	
0.08

	
bld

	
0.04

	
0.05

	
bld

	
bld

	
bld

	
0.08

	
0.12

	
bld

	
0.13

	
bld

	
bld

	
bld

	
bld

	
0.06

	
0.03

	
0.02

	
bld

	
0.15

	
bld

	
0.26

	
bld




	
Naphthalene

	
0.24

	
0.10

	
0.08

	
0.05

	
0.14

	
bld

	
0.11

	
bld

	
0.10

	
0.22

	
0.10

	
0.19

	
0.29

	
bld

	
0.13

	
0.03

	
0.07

	
0.03

	
0.04

	
bld

	
0.09

	
bld

	
0.15

	
0.04




	
Phenanthrene

	
0.09

	
bld

	
0.02

	
bld

	
0.02

	
bld

	
bld

	
bld

	
0.07

	
0.03

	
bld

	
bld

	
0.02

	
bld

	
bld

	
bld

	
0.04

	
bld

	
bld

	
bld

	
0.08

	
bld

	
0.15

	
bld




	
Pyrene

	
0.94

	
0.21

	
0.37

	
0.09

	
0.45

	
bld

	
0.14

	
bld

	
1.48

	
0.46

	
0.18

	
0.36

	
0.42

	
bld

	
0.42

	
0.06

	
0.65

	
0.06

	
0.55

	
bld

	
1.3

	
bld

	
2.6

	
0.04






Notes: bld = below detection limit. For particulate fraction measurements <0.01 µg/L. For suspended fraction measurements <0.025 µg/L. a The total sum of PAHs contains both the particulate fraction and the suspended fraction.




In the outlet samples, an average of 67% (63%–71%) of the PAHs were in the particulate form (>0.7 d. µm) without flocculation and, correspondingly 61% (22%–87%) with flocculant added. The fraction of PAH in the particulate fraction declined in the outlet samples, which indicates that the disc filtration and flocculation removes some of the particulate matter where the PAHs are adsorbed. This was confirmed by the fact that the reject water (filter wash-off) contained 97% of the PAHs in the particulate fraction. However, 30%–40% of the PAHs were adsorbed to the smallest particles (i.e., <0.7 µm diameter) or dissolved and thus discharged after treatment, which means that nano-sized particle facilitated transport of PAHs in stormwater runoff may be important.








4. Conclusions

Nano- and microsizeparticles were found in stormwater runoff from the investigated site. Measurements with a Coulter Counter Multisizer (2–43 µm diameter range) showed micro-sized particles in the 2.1–19 µm range with 95% of the particle volume below 10 µm, and measurements with a Zetasizer (0.01–1 µm diameter range) showed nano-sized particles in the 76–228 nm range. Thus disc filtration treatment (10 µm mesh) was not sufficient to remove the majority of the particles. The flocculant increased the observed volume of micro-sized particles, but the majority of the particles were still below 10 µm. This shows that application of flocculants with the woven disc filter technology for stormwater treatment needs further refinement. Particle-associated PAHs were removed as the TSS was removed, but no substantial removal of PAHs in the suspended or nano-sized fraction (<0.7 µm diameter) was observed. A consequence of not removing all of the small particles found in stormwater runoff may be facilitated transport of other pollutants sorbed to the nano-sized particles, resulting in low treatment efficiency for these pollutants.
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