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Abstract 

Urban runoff is a non-point pollution source deteriorating water quality of natural water 

systems. The composition of urban runoff vary depending on land use, seasonal changes and 

different surfaces that come into contact with the water. Urban runoff often contain metals and 

Al, Cd, Cr, Cu, Fe, Ni, Pb and Zn are of particular concern for the environment due to their 

potential toxicity. Metals in runoff can be present in different phases, associated with particles, 

colloids of different sizes or dissolved in the free phase. The different phases vary in size but 

also overlap each other. Information about metal phases and species in runoff is essential to 

understanding metal transport and design runoff treatment systems.  

Membrane filtration followed by ultrafiltration is an established technique to distinguish the 

particulate, colloidal and truly dissolved fractions. However, the “truly dissolved” fraction may 

constitute of the free phase, colloidal phase or both of them since the technique only 

discriminates by size. Diffusive gradients in thin films (DGT) is a relatively new technique that 

measures the labile fraction, sometimes referred to as the most bioavailable fraction. The labile 

fraction includes free metal ions and small complexes available to diffuse through a diffusive 

layer under a reasonable period of time. Kinetically inert species are discriminated.  

The scope of this thesis was to investigate metal fractionation in snowmelt runoff from different 

urban surfaces using two techniques, ultrafiltration and DGT. An additional aim was to study 

the speciation described by the two techniques in the different types of runoff. Two types of 

runoff were sampled to conduct measurements on. Runoff from well-defined catchments (an 

industrial area and a parking lot) and roof runoff from two roofing materials (zinc and copper 

sheet). In total, four runoff samples were membrane filtrated (pore size 0.45 µm) followed by 

either ultrafiltration (delimiting 3 kNMWL) or DGT measurements in the laboratory. Analysis 

of metals was conducted in all steps and pH, electric conductivity, total suspended solids and 

total organic carbon was measured in the untreated samples.  

The results show that metal concentrations were generally higher in the catchment runoff 

compared to the roof runoff with few exceptions, Cu and Pb from copper roof and Zn from zinc 

roof. Regarding fractionation, the two types of runoff showed similarities when it came to 

metals mainly bound to particles. The metals that were abundant in several phases showed 

different fractionations between the catchment runoff and the roof runoff. The metals released 

in roof runoff was to a higher extent found as free ions compared with the catchment runoff. A 

discussion was held about the different metal fractions and treatment possibilities. Comparing 

the two techniques, the DGT measurements could be used to further interpret the results from 

the ultrafiltration regarding the colloidal and free phase.  
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Sammanfattning 

Dagvatten är en diffus föroreningskälla som försämrar vattenkvalitén hos naturliga vattendrag. 

Samansättningen av föroreningar i dagvatten kan variera beroende på markanvändning, 

årstidsvariationer och de olika ytor som dagvattnet kommer i kontakt med. Dagvatten innehåller 

ofta metaller och Al, Cd, Cr, Cu, Fe, Ni, Pb och Zn kan vara toxiska för miljön i höga 

koncentrationer. Metaller i dagvatten kan förekomma i olika faser beroende på om de är bundna 

med partiklar, kolloider av olika storlek eller om de är i löst fas. De olika faserna varierar i 

storlek men överlappar även varandra något. Kunskap om de olika faserna är viktigt för 

förståelsen om metallernas transportmekanismer och för att kunna designa eller förbättra 

reningssystem.  

Membranfiltrering följt av ultrafiltrering är en etablerad teknik för att särskilja partikulärt 

material, kolloider och den sanna lösta fraktionen. Dock så kan den ”sanna lösta” fraktionen 

innehålla antingen den kolloidala fasen, lösta fasen eller båda två eftersom tekniken baseras på 

storleksfördelning. DGT (på engelska diffusive gradients in thin films) är en relativt ny teknik 

som mäter den labila fraktionen som ibland benämns som den mest biotillgängliga fraktionen. 

Den labila fraktionen inkluderar fria metalljoner men även små komplex som kan diffundera 

genom en diffusionsgel under en rimlig tidsperiod. Species som är kinetisk inerta kommer inte 

mätas.  

Syftet med detta arbete var att undersöka metallfraktionering i snösmälts-avrinning från olika 

urbana ytor genom att använda två tekniker, ultrafiltrering och DGT. Ett delmål var även att 

granska de species som beskrevs av de två teknikerna i de olika typerna av dagvatten. Två olika 

slags dagvatten samlades in och undersöktes. Dagvatten från väldefinierade avrinningsområden 

(ett industriområde och en parkeringsplats) och takavrinning från två takmaterial (zink- och 

kopparplåtar). Totalt fyra dagvattenprover genomgick membranfiltrering (porstorlek 0,45 µm) 

följt av antingen ultrafiltrering (avgränsning 3 kNMWL) eller DGT mätningar i laboratoriet. 

Metallanalyser genomfördes i alla steg och pH, konduktivitet, suspenderade partiklar och 

organiskt kol mättes på det obehandlade proverna. 

Resultaten visade att de uppmätta metallkoncentrationerna var generellt högre i takavrinningen 

jämfört med dagvattnet från de hela avrinningsområdena. Dock med några undantag, Cu och 

Pb från koppartak och Zn från zinktak. När det kom till fraktionering fanns det likheter mellan 

avrinning från hela områden och från taken beträffande de metaller som till största del var 

bundna till partiklar. Däremot var det skillnad mellan de olika avrinningstyperna gällande 

fraktionering av metallerna som förekom i flera av faserna. I takavrinningen fanns det i större 

utsträckning metaller som fria joner jämfört med avrinningsområdena. En slutsats var att DGT 

mätningarna kunde användas till att tolka resultaten från ultrafiltreringen när det gällde 

kolloidala och fria faserna.   
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1.  Introduction 
Urban runoff, namely runoff from roofs, streets and other impermeable surfaces is a non-point 

pollution source and consist of both organic and inorganic constituents (Makepeace et al., 

1995). It is considered to be a major source to water pollution, contributing with different 

compounds and micro-pollutants such as hydrocarbons, pesticides, and metals (Estebe et al., 

1997; Makepeace et al., 1995). These are abundant both in the dissolved and colloidal phase as 

well as associated with particles (Makepeace et al., 1995). 

Many of the metals like Al, Cd, Cr, Cu, Fe, Ni, Pb and Zn, are of concern for the environment 

and living organisms, either due to their toxicity as an individual metal or combined with other 

metals (Ma et al., 2016). Metals are also considerable abundant in urban runoff, where the main 

sources are emissions from motor traffic and industrial activities and corrosion of roofing 

materials and other urban surfaces (Brown & Peake, 2006; Göbel et al., 2007; Ma et al., 2016). 

Information about the chemical species and fractions of particulate and dissolved phases 

provides knowledge about a systems geochemistry, such as mobility and transport processes of 

pollutants (Ingri, 2012; Stumm & Morgan, 1995). For example, particles in surface waters are 

often associated with metals and their transport (Stumm & Morgan, 1995). As a result, many 

treatment systems for urban runoff are based on sedimentation and removal of these particles 

(Karlsson et al., 2016). However, studies have shown that many trace metals in natural waters 

are also associated with the colloidal phase and that colloids are important metal carriers (Hill 

& Aplin, 2001; Honeyman & Santschi, 1992; Ross & Sherrell, 1999).   

Traditionally, membrane filtration (0.45 µm) has been used to separate the particulate and 

dissolved fractions (Lead & Wilkinson, 2006). Today, membrane filtration followed by 

ultrafiltration (~1-10 kNMWL) is an established technique for metal fractionation and to 

distinguish the particulate, colloidal and truly dissolved fractions (Lead & Wilkinson, 2006). A 

study of metal fractionation in urban runoff has shown that the dissolved fraction (<0.45 µm) 

of metals is increasing during rain events (Baumann et al., 2011). However, when the metals 

were fractionated into smaller fractions, a difference between the metals appear regarding the 

smaller fraction’s concentrations during the event, e.g. during first and peak flush (Baumann et 

al., 2011). 

Diffusive gradients in thin films (DGT) is an in-situ technique that collects the labile fraction 

(Davison, 2016). The technique measures a flux of compounds diffusing through a gel towards 

a binding layer where they accumulate. The technique discriminate kinetically inert metals 

species but favours the labile fraction, sometimes referred to as the most bioavailable fraction 

(Davison, 2016; Stumm & Morgan, 1995). The DGT technique has been widely used for both 

speciation and concentration measurements in natural waters (Meylan et al., 2004; Unsworth et 

al., 2006; Zhang & Davison, 2000). However, there are not many studies on stormwater using 

DGT. The ones identified by the author are investigating runoff in treatment systems (Brydon 

et al., 2009; Knutsson et al., 2013) (detention pond and concrete tanks, respectively) and in a 

runoff sewer before discharged to receiving waters (Villanueva et al., 2016).  

The two speciation techniques, ultrafiltration and DGT, has previously been compared in 

natural waters like rivers, lakes and brackish water (Forsberg et al., 2006; Gimpel et al., 2003; 

Tonello et al., 2007). The different techniques have generated similar results for some elements 

and show dissimilarities for others. Tonello et al. (2007) found that the two techniques 

complemented each other, due to the different theoretical delimitations (ultrafiltration, in 

contrast to DGT, will not discriminate kinetically inert species, only fractionate sizes).  
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There are studies that recognise the different metal phases (mainly colloidal phases) as 

challenging regarding treatment of urban runoff (Förstner et al., 2001; Grout et al., 1999; 

Tuccillo, 2006). It is therefore of interest to study different types of urban runoff and their 

contribution of metals in different fractions and the speciation of the metals. 
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2.  Objectives 
This master thesis’s overall aim is to investigate metal fractionation in snowmelt runoff from 

different types of urban surfaces. Additionally, the aim is to observe differences between the 

speciation techniques ultrafiltration and DGT regarding runoff from these surfaces. The results 

may serve as a basis when choosing a technique for speciation characterisation of metals in 

urban runoff. It may also be useful when assessing environmental risks or designing treatment 

methods for this type of runoff. 

In order to meet the aim of this thesis, analysis were performed on two types of snowmelt 

runoff; roof runoff and runoff from urban catchments. Fractionation was performed with 

membrane filtration followed by ultrafiltration or speciation with DGT measurements. 

Furthermore, these questions were specified to meet the aim: 

• How are metals distributed between different size fractions, comparing roof runoff with 

runoff from urban catchments? 

• How is the speciation for the different surfaces described between the different 

techniques, ultrafiltration and DGT? 
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3.  Background 
In this section, characteristics of urban runoff and metal phases and techniques to separate them 

are further described. The main parameters controlling the composition of runoff are presented 

as well as different fractionation techniques and how they relate to different metal phases. 

 

3.1. Runoff quality 

The composition of urban runoff vary greatly depending on seasonal changes, the land use of 

the catchment and even different flows during one rain event will result in compositional 

fluctuations (Grout et al., 1999; Helmreich et al., 2010; Wei & Yang, 2010). The speciation of 

a pollutant, dissolved, colloidal or particle bound, controls the fate of the pollutant and the 

speciation depend on parameters like total suspended solids, the presence of organic carbon, 

pH and redox (Buffle & Leeuwen, 1992).  

Over the year there are fluctuations in the quality of urban runoff. For example, Westerlund et 

al. (2003) has shown that the concentration of particles and trace metals (Cd, Cu, Ni, Pb and 

Zn) are greater in snow melt runoff compared to rain induced runoff. This derives from the fact 

that a snowpack can accumulate particles and pollutants that are released during the period of 

snowmelt. If sand and grit had been used for winter road maintenance, the metals in the 

snowmelt were to a greater extent particulate bound compared to a rain event. Adversely, the 

load of dissolved metals (filtered through 0.45µm) were considerably higher during a rain event 

compared to snowmelt containing high amounts of particles (Westerlund et al, 2003). If salt has 

been used as a de-icing agent, the dissolved metal pool may increase in the melt (Reinosdotter 

& Viklander, 2007). The runoff in the beginning of a melting period will mainly contain 

dissolved pollutants and at the end of the melt comes a flush of particles and particle bound 

pollutants (Viklander & Malmqvist, 1994).  

The effect of different environmental parameters on the release of zinc and copper from zinc 

and copper roofs, respectively, has been studied by He et al. (2001). The main conclusions were 

that the precipitation volume, rain intensity, pH, the age of the roofs, and the length of dry 

periods between rain events had effect on the metal concentrations in the runoff solution. 

Precipitation volume was the most important parameter, affecting both copper and zinc roofs. 

The first flush was shown to release the easily soluble corrosion products built up on the 

surfaces, and the rest of the rain volume was defined by a steady-state concentration in the 

runoff.  The rain intensity was only shown to effect copper roofs. A long lasting light intensity 

rain (<1 mm/h) with the longest contact time, resulted in increasing copper concentrations in 

the runoff, compared to a moderate rain (≈2 mm/h) lasting a shorter time. The ages of the roofs 

affected both copper and zinc runoff. An older surface is naturally more porous, contain cracks 

and defects that can hold water and produce soluble corrosion products that are removed in a 

rain event’s first flush. Regarding the pH of the precipitation, it was shown that lower pH 

resulted in increasing quantities of released copper and zinc. Long periods between rain events 

would increase the amount of dry deposited species like SO2, NOx and HCl, that enhances the 

corrosion products that are easily washed off during a rain (He et al., 2001). 
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3.2. Metals in solution 

Metals in solution can be associated with different phases, like the particulate, colloidal and the 

free phase. See Figure 1 for approximate size ranges of the different phases.  

Free metals are rarely present in high concentrations in natural waters, and if present they easily 

form complexes with organic, and/or inorganic ligands (Stumm & Morgan, 1995). Common 

inorganic ligands are bicarbonate, carbonate, chloride, sulphide and fluoride. Organic ligands 

can for example be small humic or fulvic acids.  

 

Figure 1. Sizes of different phases commonly associated with metals and fractionation sizes with 

membrane- and ultrafiltration as well as the pore size of the DGT-gel. Data about phases from 

Gustafsson & Gschwend (1997).  

Studies have shown that the availability of metals in the soluble phase, and not the total amount 

in a solution, is directly connected to biotas growth rate (F. M. M. Morel et al., 1991; Sunda & 

Guillard, 1976). However, trace elements essential to biota, can in exaggerated amounts become 

toxic to living organisms (Williams et al., 1981) as free metal ions have a tendency to bind 

within the cells and disturb important processes (Stumm & Morgan, 1995). For example, labile 

copper is often considered to be the most bioavailable and toxic form of copper. The labile 

fraction include free ions and small complexes that easily dissolve or are exchangeable (Slooff 

et al., 1989).  

The definition of colloids are many. Morel and Gschwend (1987) refer the colloid “to a 

suspended solid that is operationally considered a solute” referring to the size fractionation by 

membrane filters. However, the size definition of a colloid is generally from 1 nm to 1 µm in 

at least one dimension (Stumm & Morgan, 1995). Common operational alternatives of size 
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distinction are not agreeable with these size fractions and therefore not entirely satisfactory, 

which is further discussed in section 3.3. 

Myers (1999) define the applicable colloids as, “solids dispersed in a liquid”. Where the 

dispersed units are larger than the molecular unit (namely a sol) or the molecular sizes are 

considerably larger than those of the solvent (a polymer or macromolecular solution). As solids 

considered, colloids are very dynamic (Stumm & Morgan, 1995). They are, in natural waters, 

constantly generated and eliminated (by coagulation and settling or dissolution) and are 

subjected to compositional changes. Stumm & Morgan, (1995) are discussing appropriate 

delimitations of colloids from particles and the soluble phase since they are overlapping in terms 

of size. To distinguish aquatic colloids from the soluble phase, they include a physicochemical 

view to the size definition and consider how the colloids remove trace chemicals (e.g. metals) 

by adsorption or absorption. An aquatic colloidal compound ought to have a molecular surface 

environment enabling removal of trace chemicals from the aqueous solution phase. To distinct 

colloids from particles one can consider the timescale and conditions for the relevant water 

system. Particles are removed from the system by sedimentation whereas the fate of colloids 

are regulated by coagulation and breakup mechanisms. There is a large variety of colloids, often 

consisting of aluminosilicates (clays), humic and fulvic acids, silica, organic macromolecules, 

metal hydroxides (sometimes coated with organic matter) and microorganisms (Stumm & 

Morgan, 1995). 

3.3. Fractionation techniques 

The traditional fractions, particulate and dissolved, are conventionally distinguished by size and 

separated using filters with various pore size (Gustafsson & Gschwend, 1997). Constituents 

discriminated by a membrane filter of pore size 0.45 or 0.22 µm are considered particles and 

those that pass are considered dissolved (Gustafsson & Gschwend, 1997). However, looking at 

Figure 1 it can be seen that the dissolved fraction determined this way would contain both the 

free phase as well as colloids of varying sizes. Ultrafiltration as a second step after membrane 

filtration is today a common technique to estimate the three fractions; particulate, colloidal and 

truly dissolved (Lead & Wilkinson, 2006). The ultrafilters can have a cut off varying between 

one to a couple of thousand nominal molecular weight limit (NMWL). In terms of pore size, 

this corresponds to one to a couple of nanometres (Lead & Wilkinson, 2006). Comparing this 

size range with Figure 1, it can be concluded that the so called truly dissolved fraction also 

contain colloids that are not considered dissolved.  

The DGT technique is used to measure labile compounds (Zhang & Davison, 1995). As 

described previously, the labile fraction is sometimes referred to as the most bioavailable and 

toxic form of compounds. The DGT technique distinguish these kinetically available species 

including free elements as well as small complexes or species that are able to diffuse through 

the diffusive layer within a reasonable time and bind to the binding layer. However, the 

diffusion gel has a limiting pore size. This pore size is not completely established as different 

studies have generated different results, but it is estimated to be around 5 nm (Davison, 2016). 

The DGT technique will be further discussed under section 3.3.1.   
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3.3.1. Diffusive Gradients in Thin Films 

DGT is a robust, in-situ technique (Davison, 2016) that revolve around a diffusion flux of labile 

compounds towards a binding layer where they can be measured. The labile compounds are 

referring to species that able to diffuse and bind to the binding layer or species that can 

transform, while diffusing, to a form available to bind to the gel. An example could be ions 

within a complex where the binding gel’s attraction force on the ion is stronger than that 

inhibited by the complex (Davison, 2016). When DGT was newly developed, the technique was 

used to measure cationic trace metals (such as Cd, Co, Cu, Ni, Pb and Zn) in solutions. Today 

it can be used to measure a range of compounds (including e.g. P, S, As and Hg) and the 

technique is also applicable on the solid-solution interactions in soils and sediments. The 

principle, where a solute steadily diffuse through a diffusive layer and accumulate at a binding 

layer throughout a deployment time, reflect a time weighted average of any potential 

concentration changes in the studied system (Davison, 2016).  

Advantages of the technique being an in-situ method is that it provides a low risk of cross 

contamination (Davison, 2016), that it is easily handled and that it can be deployed in solution 

from a couple of hours up to months. Analysis of the binding layer is suitable with high 

resolution techniques like atomic absorption spectroscopy and inductively coupled plasma 

(optical or mass spectrometry) (Davison, 2016).  

Limitations with the technique is the utility at low ionic strength and the functional pH range 

(Davison, 2016). Both parameters can impact the interaction between a solute and the binding 

layer. Best performance is achieved with ionic strengths ≥ 1 mmol/L and a pH within 5-8.3 

(Zhang & Davison, 1995). The DGT technique is also sensitive at low flowrates of the 

deployment solution. Best performance is achieved at flowrates above 2 cm/s (Davison, 2016).  

For measurements in solutions the DGT device consist of a cylindrical plastic holder for a 

membrane filter, a diffusive gel and a binding layer, see Figure 2 (Davison, 2016). The filter 

will prevent the system from clogging and the diffusive layer allows diffusion of the solutes 

before reaching the binding layer. The binding layer can consist of many different materials 

that selectively bind to the labile portion of interest (Davison, 2016). For cationic metals (e.g. 

Cd, Co, Cu, Ni, Pb, Zn) the binding layer is a chelating ion-exchange resin named Chelex 100 

(Zhang & Davison, 1995). The diffusion layer consist of a hydrogel, a three-dimensional 

polymer network. The gel is hydrophilic and insoluble in water but when used it consist of 95% 

absorbed water (Davison, 2016). In this thesis the standard APA gel was used, consisting of a 

polyacrylamide cross-linked with an agarose derivate (Scally et al., 2006).    
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After deployment of a DGT device, the piston holder is taken apart and the binding layer is 

eluted in nitric acid to enable measurements of the accumulated metals, with for example 

different inductively coupled plasma – mass spectrometers (ICP-MS). The measured metal 

content, 𝑀, will be in relation to the metal concentration in the deployment solution, 𝐶𝐷𝐺𝑇, 

which is calculated using the DGT equation, Equation 1. 

 

𝐶𝐷𝐺𝑇 =
𝑀∆𝑔

𝐷𝑡𝐴
     Equation 1. 

 

The relation between the measured mass and the solution concentration depend on the diffusion 

area of the device, 𝐴, the diffusion length, ∆𝑔 (thickness of diffusion layer plus the membrane 

filter), the deployment time, 𝑡 and the compounds’ diffusion coefficients, 𝐷. The diffusion 

coefficient of an element vary, depending on temperature. Different species of the metal will 

also generate different diffusion coefficients. Free ions are have higher diffusion coefficients 

compared to different organic complexes. To calculate the true labile concentration of a metal, 

the proportion of free and complexed metal must be known. One method to estimate the 

proportions was developed by Forsberg et al. (2006). In that study, DGT was compared with 

ultrafiltration, assuming that the two techniques would generate equal concentrations as they 

approximately had the same size delimitations. The results for some of the elements showed 

similar concentrations for ultrafiltration and DGT (DGT calculated with merely diffusion 

coefficients for free ions). This indicated that, for these elements, no complexes were present 

in the labile fraction. For the elements with a deviation between ultrafiltered concentrations and 

DGT measured free ions, it was assumed that the diffusion coefficients for free ions generated 

an underestimation of the labile concentration. Then, relative proportions of free ions and 

complexes were estimated, which generated equal concentrations between ultrafiltration and 

DGT.  

Figure 2. Schematic view of a DGT piston holder, the different layers and a 

concentration gradient of an analyte. Picture modified from Davison (2016). 
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4.  Materials & Methods 
In this thesis the stormwater priority pollutants, described in Eriksson et al. (2007), Cd, Cr, Cu, 

Ni, Pb, and Zn were studied as well as Fe and Al for their tendency to form complexes (Stumm 

& Morgan, 1995). The two types of studied runoff are; catchment runoff and roof runoff. All 

samples were retrieved and processed at the Environmental Laboratory at Luleå University of 

Technology. Analysis was performed on untreated and membrane filtered samples. Thereafter, 

the samples were divided for ultrafiltration and measurements with DGT, see Figure 3 below. 

Analysis of elements and organic carbon was performed at ALS Scandinavia AB, accredited 

by SWEDAC (ALS Scandinavia AB, n.d.a) 

4.1. Field sites 

Two areas, one with light industry and one parking lot, located in Umeå, Sweden, were chosen 

as suitable sampling locations for catchment runoff. The sampling was conducted in manholes, 

see Figure 4. Both areas are included in other research at Luleå University of Technology which 

entailed a readily setup of covered pumps and flowmeters. The industrial area (Ind.) has a 

catchment area of about 15 ha and the manhole is placed at the end of the piping network before 

the runoff is discharged into the Ume River. At the industrial area mainly different car and 

transport services, construction and painting companies are located, but also restaurants and 

offices. The parking lot, (P. lot) found at the Norrland University Hospital has a well-defined 

catchment of about 0.4 ha. The manhole where the samples were collected was placed just 

before the sewer is connected to the sewer network.  

Collection of roof runoff was conducted at an experimental setup, included in another study at 

Luleå University of Technology, examining the contribution of pollutants from construction 

materials like different metal sheets. The materials are mounted in triplicates on boxes with a 

sloping angle of about 7°. The setup is located at campus in Luleå and the materials were facing 

south-south east. From the different roofing materials, copper sheet and zinc sheet were chosen 

to be sampled for this thesis. These materials are both common roofing materials (Göbel et al., 

2007). 

Figure 3. Sample sizes and distribution of treatment. 
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4.2. Sample Collection 

The catchment runoff in Umeå was sampled on Mars 22nd, 2017, and composed of one grab 

sample per site, Ind. and P.lot, slightly after expected peak flow. The samples were pumped 

into a 5-litre container for filtration at the lab, a 1-litre bottle for analysis of total solids and 

appropriate bottles for analysis of TOC and elements of the untreated runoff (bulk sample). All 

samples were kept cold in cool bags with ice packs during the transport back to the 

Environmental Laboratory in Luleå. The 5-litre containers were left for about 1-3 hours 

enabling the largest particles to settle before filtration.  

The roofing materials at the experimental setup were prepared with covered rain gutters for 

collecting the runoff. Arrangements were made with buckets supporting a 2 litre HDPE bottle 

tight to every outlet to reduce contamination from surrounding rain, see Figure 5. In total, 6 

litres from each roofing material was sampled on April 26th-27th, 2017, during a precipitation 

event in the form of snow mixed with rain. The containers were left for about an hour for 

particles to settle before filtration commenced.  

 

Figure 4. Map over catchments in Umeå.  
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4.3. Membrane filtration 

At the Environmental Laboratory, pressure filtration was performed with a peristaltic pump, (a 

Masterflex® L/S of model 7518-00) and cellulose nitrate membrane filters (Whatman, GE 

Healthcare Life Science, 142mm in diameter and a pore size of 0.45 µm). The membrane filters 

were prepared as in Ödman et al (1998) prior the filtration. This procedure included leaching 

for 72 hours in 5% acetic acid followed by continuous rinsing and soaking in deionised water 

until the smell of acetic acid was no longer detectible. The filters were stored in deionised water 

to prevent them from drying out. A plastic filter holder was used, connected with Nalgene PVC 

tubing to the pump and on to the sample containers. The containers were not shaken and the 

tubing was held above the settled particles to prevent immediate clogging of the filters. The 

filtrate for each site was collected and distributed for DGT measurement, ultrafiltration and 

analysis of the membrane filtrated phase, see Figure 3. The filter holder and tubing was rinsed 

with deionised water between the samples. All equipment including bottles and tubing were 

immersed overnight in 1 M HNO3 and rinsed with deionised water before the experiment, apart 

from the filter holder that was merely rinsed with acid. 

4.4. DGT 

The DGT measurements were conducted with triplicates for each site and roof material. 2 litre 

HDPE bottles, all containing one litre of membrane filtered sample, were mounted on an Adolf 

Kühner shaking table. One DGT-device was held to the side of every bottle in a DGT-holder 

with cable tie and a clamp, see Figure 6. The DGT-holders in Plexiglas were custom made for 

the bottles, placing the DGT-devices at half the depth of the solution during stirring. When all 

DGT-devices were assembled, the samples were left for 24 hours stirred at 55 revolutions per 

minute (rpm) to create the minimum flow of 2 cm/s in the whole bottle, see Figure 7. When the 

deployment time had elapsed the DGT devices were retrieved and rinsed with deionised water 

and placed in separate plastic bags. The room temperature was measured at least four times to 

Figure 5. Setup of roofing materials at Luleå University of Technology and the collection of roof 

runoff. 
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obtain a mean temperature over the deployment period. The DGT-holders and cable tie was 

rinsed with acid like the other equipment over night before the experiment. 

4.5. Ultrafiltration 

Merck’s Amicon® Ultra-15 centrifugal filter units with 15 ml-sample tubes were used for the 

ultrafiltration. They have removable Ultracel®-3K filters of regenerated cellulose with a 3000 

NMWL (3 kNMWL). Prior to filtration, the sample tubes were acid washed in 1 M HNO3 and 

the filters were rinsed in three steps according to their manual (Merck Millipore Ltd, 2013). 

That included a first rinse with deionised water, secondly with 0.1 M NaOH solution and a final 

rinse with deionised water again. Ultrafiltration was executed on membrane filtered samples 

and after DGT deployments. Both when rinsing the filters and filtering the actual samples, the 

filter units were filled with 15 ml of liquid and centrifuged in a swing bucket rotator (Eppendorf 

Centrifuge 5804) for 45 minutes at 4000 rpm, see Figure 8. After centrifugation, the removable 

ultrafilters were discarded and the sample tubes were sent for analysis of elements. 

 

Figure 6. Assembling of DGT devices on Plexiglas holders and in the HDPE bottles with a clamp. 
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4.6. Analysis and Calculations 

Electric conductivity (EC), pH, alkalinity, and total suspended solids (TSS) were measured at 

the Environmental Laboratory. EC was measured with a MeterLab CDM210 conductivity 

meter (Radiometer Copenhagen) and pH with WTW pH 330 / SET-1. The alkalinity was 

measured with a TitraLab TIM 900 titration manager (Radiometer Copenhagen) and the 

computer program Timtalk9. For the street runoff, 0.01 M HCl was used for the alkalinity 

titration and for the roof runoff 0.02 M hydrochloric acid. All equipment was calibrated before 

use. 

Figure 8. Centrifugal filter units with removable 3000 NMWL-filters and assembling in the 

centrifuge. 

Figure 7. Assembling of HDPE bottles with DGT devices on an Adolf 

Kühner shaking table. 
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For analysis of metals and TOC, samples were handed in to the ALS Scandinavia AB’s office 

in Luleå. The different analysis performed by ALS Scandinavia AB and the applied methods 

are presented in Table 1. Procedural blanks were analysed in parallel to the samples analysed 

for element concentration after membrane and ultrafiltration as well as a blank DGT device. 

The values retained from the blank samples were subtracted from the values of the actual 

samples for correction of possible contamination during handling and measurements. 

ALS provided the results of the accumulated metal mass in the DGT binding layers, which were 

used to calculate the concentrations in the runoff samples with Equation 1. The values for the 

parameters described in Equation 1 are presented in Table 2. Diffusion coefficients for the free 

metal ions, corresponding to the average temperature measured during the deployment periods, 

were retrieved from DGT Research (DGT Research, 2015). Diffusion coefficients for organic 

ligands estimated by Scally et al. (2006) were used when calculating the concentrations for 

metals complexed with humic and fulvic acids.  

Table 1. Samples analysed by ALS Scandinavia and analysis methods. 1) Accredited analysis. 2) Analysis 

performed by subcontractor. 3) Non accredited analysis. 

Sample 
Analysis 

package 
Description Method and Reference 

Bulk sample V-3b1 Elements in polluted 

water (after digestion) 

ICP-SFMS according to  

SS EN ISO 17294-1, 2 and 

EPA-method 200.8  

and 

ICP-AES according to  
SS EN ISO 11885 and EPA-

method 200.7  

Membrane- and 

ultrafiltered samples 
V-21 Elements in 

freshwater 
SAA 

Bulk sample, and 

membrane- filtered 

samples 

TOC2  NA 
TOC according to  

DIN EN 1484 H3 

DGT devices PSM-13 Metals (cations), 

passive sampling 

ICP-SFMS according to  

SS EN ISO 17294-1, 2 and 

EPA-method 200.8 

 

Table 2. Parameters for the DGT calculations using Equation 1 

Parameter Unit Value 

Area of the DGT window: A cm2 3.14 

Diffusion length: Δg 
(membrane filter + diffusive gel) cm 0.092 

Deployment time: t sec 86400  
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However, these diffusion coefficients were valid for a temperature at 25°C and had to be 

corrected to the average temperature measured in this thesis. This was done using Equation 2. 

 

log 𝐷𝑇 =
1.37023(𝑇−25)+0.000836(𝑇−25)2

109+𝑇
+ 𝑙𝑜𝑔

𝐷25(273+𝑇)

293
 Equation 2. 

 

Where 𝐷𝑇 is the diffusion coefficient at the desired temperature 𝑇, and 𝐷25 is the diffusion 

coefficient at 25°C. To retrieve 𝐷𝑇, the logarithm was considered by taking 10 to the power of 

the log value.  
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5.  Results 
This section presents the results from the analysed runoff samples as well as rain and flow data 

from the two sampling occasions. The four samples were roof runoff as rainy snow from two 

roofing materials (Zn-roof and Cu-roof) and runoff in form of snowmelt from two urban areas 

(Ind. and P.lot). Only elements relevant for the purpose of this study are presented in this 

section. Report limits are presented in Appendix 1, and all elements measured can be found in 

Appendix 2. The concentrations in the membrane filtered and ultrafiltered samples will be 

denoted the <0.45 µm- and <3 kNMWL-fraction respectively. The DGT measured 

concentration will be presented as the free fraction.  

5.1. Precipitation & Flow 

The roof runoff was collected the 26th of April. The precipitation was mostly snow mixed with 

rain. The quantity in mm for every hour of the event is presented in Figure 9. The total 

precipitation depth for the whole event was 0.8 mm. The flow data of the snowmelt event from 

the 22nd of Mars is also presented in Figure 9. The peak flow occurred around 11:30 for Ind and 

around 11:00 for P.lot. The flow in Ind. is considerably higher than in P.lot, due to the greater 

catchment area. 

5.2. TOC, DOC, TSS, pH and EC  

TOC and DOC is presented in Table 3 together with TSS, pH and EC. There was a trend for all 

four parameters where P.lot had the highest values followed by Ind., Zn-roof and Cu-roof. 

Analysis of TOC was conducted on the filtrates (<0.45 µm) in order to retrieve DOC. The DOC 

concentrations are similar for all four samples disregarded of the differing TOC concentrations. 

 

Figure 7. Flow and precipitation data from the two sampling occasions. Note that Ind. and P.lot have 

one axis each in the flow chart. The arrows indicate the time of sampling at Ind. and P.lot. 
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Table 3. pH, EC, TSS and TOC measured on the untreated water, as well as DOC measured on the 

membrane filtered samples. 

 pH EC [µS/cm] TSS [mg/l] TOC [mg/l] DOC [mg/l] 

Ind. 6.7 130 380 45 5.3 

P.lot 6.8 430 935 51 5.7 

Zn-roof 6.5 40.9 200 9.0 3.8 

Cu-roof 5.8 15.6 130 8.4 4.1 

 

5.3. Total & Membrane filtrated Concentrations of Metals 

In Figure 10 below, the total concentrations and the <0.45µm-fractions are presented for all 

samples, note that the scale for the concentration is logarithmic. For Al, Cr, Fe, Ni and Pb, the 

total concentration were higher than the <0.45 µm-fraction in all samples. There was no 

significant difference between the total concentration of Cd and the <0.45 µm-fraction in Zn- 

roof, indicating that the cadmium was mainly present in the <0.45 µm-fraction. The same 

applied for Cu in Cu-roof and Zn in both Zn-roof and Cu-roof. These samples (Cu-roof 

regarding Cu and Zn, and Zn-roof regarding Cd and Zn) also showed the highest concentrations 

among the <0.45 µm-fraction for these elements. Otherwise, all elements but Pb showed higher 

concentrations in Ind. and P.lot compared to Zn- and Cu-roof in both fractions. There was no 

obvious pattern for Pb as the total concentrations were similar for all samples. 
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Figure 8. Total concentration and <0.45 µm-fraction of elements in the samples Ind., P.lot, Zn-

roof and Cu-roof. 
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5.4. DGT, Ultrafiltration & Membrane filtration 
Ultrafiltration was conducted on the <0.45 µm-samples both before and after DGT 

deployments. For most elements there was no significant difference before and after DGT 

deployments. Pb, however, was significantly higher after the DGT deployments in all samples. 

The same applied for Fe from both roofing materials, and Ni in Cu-roof.  

5.4.1. Cadmium  

The cadmium concentrations in all samples are presented in Figure 11. The highest 

concentration was found in the Zn-roof sample. There was no significant difference within each 

sample between the fractions <0.45 µm and <3 kNMWL. For Ind. and P.lot, the DGT 

measurements were below report limit. (Report limits are found in Appendix 1, however, they 

are valid for the . However, for the two roofing materials, the DGT measured free fraction was 

equal to the other fractions, indicating that all cadmium that passed the membrane filtration was 

in the form of free ions. 

5.4.2. Copper 

The copper concentrations presented in Figure 12 were highest for the Cu-roof, about 500 times 

higher than the other samples. There was no significant difference in Cu-roof between the 

fractions <3 kNMWL and the DGT measured free fraction, indicating that free copper species 

accounted for the concentrations in the <3 kNMWL-fraction. In Ind. and P.lot there was no 

significant difference between the <0.45 µm- and <3 kNMWL-fractions, whereas in Zn-roof 

the <3 kNMWL-fraction was higher than the <0.45 µm-fraction. The DGT measured free 

fractions in Ind, P.lot and Zn-roof were lower than the ultrafiltered concentrations.  

 

 

 

 

 

Figure 9. Cadmium in the smaller fractions <0.45 µm and <3 kNMWL 

and DGT-measured free concentrations in all samples; Ind., P.lot, Zn-

roof and Cu-roof. 
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Figure 10. Copper in the smaller fractions, <0.45 µm and <3 kNMWl and DGT measured free 

concentrations in all samples. The concentrations in Cu-roof are presented on an own axis. 

5.4.3. Nickel  

Figure 13 show the smaller fractions of nickel concentration in all samples. The <0.45 µm- and 

<3 kNMWL-fractions were equal for all four samples. The DGT measured free fractions were 

lower than the <3 kNMWL in all samples. However, in Zn- and Cu-roof the free fractions were 

equal to the <0.45 µm-fraction.  

5.4.4.. Zinc 

In Figure 14 below, the zinc concentrations are presented. Zn-roof contributed with the highest 

amount of zinc in all fractions, and there was no difference between the fractions (<0.45 µm, 

<3 kNMWL and free). For all samples but the Zn-roof, was the free fraction lower than the <3 

kNMWL-fraction. 

Figure 11. Nickel in the smaller fractions <0.45 µm and <3 

kNMWL and DGT-measured free concentrations in all 

samples; Ind., P.lot, Zn-roof and Cu-roof. 
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Figure 12. Zinc in the smaller fractions <0.45 µm and <3 kNMWL and DGT-measured free 

concentrations in all samples. The concentrations in Zn-roof are presented on an own axis. 
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6.  Discussion 
In this section, the results presented in section 5 are discussed with a main focus on the metal 

fractionation and speciation conducted with ultrafiltration and DGT. 

6.1. TOC, DOC, TSS, pH and EC 
It was expected that the catchment runoff would have higher concentrations of TSS and TOC 

than the roof runoff, which were the results of this study. The higher concentrations of TSS in 

Ind. and P.lot can be explained by exposure to winter road maintenance with sand and grit. The 

green areas in the industrial area and bushes around the parking lot would have provided for 

the higher TOC concentrations, whereas the roofs had only experienced atmospheric 

deposition. The pH values (Ind., 6.7, P.lot, 6.8, Zn-roof, 6.5, and Cu-roof, 5.8) were within the 

range of previously reported pH values of road runoff (6.4-7.9) (Göbel et al., 2007) zinc roofs 

(pH: 4.5-7) (Karlén et al., 2001) and copper roofs (pH: 5.6-6.4) (Karlén et al., 2002). The higher 

pH values in the catchment runoff could be explained by a higher buffering capacity due to 

wear of paved surfaces including calcite (CaCO3) (Harrison & Wilson, 1985). In Helmreich et 

al. (2010), where seasonal influences on road runoff pollutants were studied, it was observed 

that the EC remained below 300 µS/cm in the snowmelt as long as no de-icing salt had been 

used on the roads. The streets of Umeå had been maintained with salt prior to sampling, which 

may explain the higher EC concentrations in Ind. (130 µS/cm) and P.lot (430 µS/cm) compared 

to the roof runoff (41 and 16 µS/cm in Zn- and Cu-roof, respectively). The lower EC in Ind. 

compared to P.lot could be explained by the large areas of untreated snow next to the roads in 

the industrial area that may have diluted the salt affected snowmelt.   

6.2. Total Metal Concentrations 
The total concentrations of most metals in the catchment runoff were in agreement with 

previous studies on snowmelt and rain induced runoff, see Table 4 for references. However, the 

total Al concentrations (28-50 mg/l) were above values of previously studied rain induced 

runoff, with concentrations of 0.2-0.7 mg/l (Grout et al., 1999), 0.1-16 mg/l (Makepeace et al., 

1995) and 0.1-7.1 mg/l (Tuccillo, 2006). However, aluminium is not frequently reported in 

runoff studies, and the aluminium concentrations can therefore statistically not be said to be 

abnormal. The disagreement could also be due to the lack of comparison with aluminium in 

snowmelt runoff.  

The total metal concentrations in roof runoff was compared to roof runoff-data from several 

studies, summarized in Göbel et al. (2007). Most concentrations were lower than in the previous 

studies. Exceptions were Ni and Cu for Cu-roof and Zn for Zn-roof that were above the data 

described by Göbel et al (2007). This could be due to different characteristics and intensities of 

the rain events, however most probably to differences in how long the roofs had been exposed 

to weathering (He et al., 2001; Karlén et al., 2002). The roofing materials in this study were 

recently set up and the specific precipitation was a low intensity snowfall mixed with rain, 

generating low runoff volumes. These conditions would not generate as high concentrations as 

higher intensities and older roofing materials would (He et al., 2001). 
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Table 4. Total concentrations of Cd, Cr, Cu, Fe, Ni, Pb and Zn for Ind. and P.lot compared with 

previously reported concentrations in snowmelt and rain runoff.  

Element Unit Ind. P.lot Reference values Reference 

Cd µg/l 0.29 0.29 0.1-1.9 (Westerlund et al., 2003) 

Cr µg/l 96 199 1-2300 (Makepeace et al., 1995) 

Cu µg/l 71 101 24-604, 29-465 
(Helmreich et al., 2010; 

Westerlund et al., 2003) 

Fe mg/l 48 75 0.08-440 (Makepeace et al., 1995) 

Ni µg/l 41 74 4.2-403, 6.3-177 
(Helmreich et al., 2010; 

Westerlund et al., 2003) 

Pb µg/l 16 21 <0.5-405, 8.5-168 SAA 

Zn µg/l 370 408 128-3470, 83-1680 SAA 

 

The results from Cu-roof and Zn-roof were also compared with data from a leaching experiment 

on roofing materials (Andersson Wikström, 2015). In that study, new copper and zinc sheets 

were immersed into synthetic rain corresponding to a 31.8 mm water column for 24 hours. 

Thereafter, the leachates were analysed for metals. The actual concentrations from a leaching 

study are not truly comparable to the concentrations released to roof runoff. However, that 

leaching study, conducted on the same materials as sampled in this study, would give an 

indication on what metals are expected to derive from the materials themselves, and what is a 

result of atmospheric deposition. The leaching study showed no indication that Cd, Cr, Ni and 

Pb would have leached from the copper and zinc sheets. The same applied for Cu from the zinc 

sheet. This might imply that these metals, that were present in the samples from Zn-roof and 

Cu-roof (only Zn-roof regarding Cu), derived from atmospheric deposition and not weathering 

products from the roofing materials. Furthermore, the leaching study showed that Zn was 

released from both the zinc and copper sheet, and Cu from the copper sheet. This would indicate 

that at least parts of the Zn released from Cu-roof and Zn-roof derived from the materials 

themselves. Regarding the Cu found in the Cu-roof sample, it may partly derive from 

atmospheric deposition (as atmospheric Cu most probably was the Cu source in Zn-roof), while 

most of the Cu likely originated from the Cu-roof itself as weathering products. 

6.2.1. Comparison with Guideline Values 

The total concentrations of Cd, Cr, Cu, Ni, Pb and Zn in all samples were compared with the 

city of Gothenburg’s guideline values for runoff concentrations before released to receiving 

waters (Göteborgs Stad Miljöförvaltningen, 2013) presented in Table 5. Cadmium was the only 

trace element that was under the guideline value in all samples. The concentrations in the 

samples from Ind. and P.lot were above the guideline values regarding Cr, Cu, Ni, Pb and Zn. 

Both roofing materials exceeded the guideline values for Pb and Zn, as well as Cu from Cu-

roof. However, it is important to remember that the results in this thesis are sampled at two 

single events and can therefore not be representable for a whole year. Furthermore, the guideline 

values are for runoff at an outlet point before released to receiving waters. The samples in this 

thesis represents systems with different transportation measures for the runoff that might change 

both the concentrations as well as the chemical species. In the case of Ind., the water was 

sampled before released into the Ume River. The runoff in P.lot is diluted and  
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Table 5. Guideline values (Göteborgs Stad Miljöförvaltningen, 2013) compared with the total metal 

concentrations for all samples. The samples marked with red are exceeding the guideline values. 

Conc. µg/l Cd Cr Cu Ni Pb Zn 

Guideline values 0.4 15 10 40 14 30 

Ind. 0.3 96 71 41 21 370 

P.lot 0.3 199 101 74 16 408 

Zn-roof 0.2 9 10 4 17 14200 

Cu-roof 0.05 10 5830 4 27 62 

 

mixed with water from other catchments in the runoff piping system before released. Buildings, 

represented by Zn-roof and Cu-roof could have many different system to transport the runoff. 

For example Odnevall Wallinder et al. (2009) has studied how concentration of Cu, originating 

from a copper roof, changed when transported in cast iron and concrete drainage systems. It 

was concluded that the drainage systems had a capacity to retain released Cu from the copper 

roof. 

6.3. Fractionation of Catchment- and Roof Runoff  

By subtraction of the dissolved or filtrated fraction (<0.45 µm) from the total concentrations 

the particulate fraction (>0.45 µm) was estimated. More than 97% of the total Al, Cr, Fe and 

Pb composed of the particulate fraction in all samples, see Table 6 below. This was more or 

less expected considering that these elements often occur in particulate form or associated with 

particles in natural waters with pH values between 5 and circumneutral (pH between 5.8 and 

6.8 in this thesis) (Stumm & Morgan, 1995). Comparing the catchment runoff with roof runoff, 

the Al, Cr and Fe concentrations were higher in the catchment runoff. This can be explained by 

the higher TSS concentrations in the catchment runoff.  The Pb concentrations showed small 

or no deviations between the two types of runoff. According to Mummullage et al. (2016) the 

major source for Pb in urban runoff is brake dust which is both emitted to the air, which result 

in atmospheric deposition on roofs, and deposited on the ground, which can be washed of by 

snowmelt. Al, Cr, and Fe often derive from brake dust as well, but also from wear of roadside 

soil and asphalt (Mummullage et al., 2016) which during winter conditions may be accumulated 

in snow. In terms of pollutant removal, these elements would be nearly completely removed if 

particles larger than 0.45 µm were separated from the runoff. Al, Fe and Pb studied in Tuccillo 

(2006) showed association to even larger particles (>5 µm). This might imply that removal of 

these elements could be achieved by particle separation of even larger sizes. 

Comparing the Cd, Cu, Ni and Zn fractionation between the two types of runoff it can be seen 

in Table 6 that the catchment runoff generally had higher concentrations in the particulate 

fraction. Whereas in the roof runoff the metals were generally highly representable not only in 

the dissolved fraction, but in the <3 kNMWL-fraction. This could be due to the sources of the 

metals, Cu and Zn could derive from soluble weathering products of the roofs, and/or the higher 

TSS and TOC concentrations in the catchment runoff which provides surfaces for the metals to 

adsorb (Stumm & Morgan, 1995).  
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The dissolved or filtrated fraction (<0.45 µm) of the catchment runoff was compared with 

results described in Westerlund et al. (2003), who studied snowmelt road runoff. In that study, 

the filtrated fraction of Cd, Cu, and Zn each stood for less than 5% of the total concentrations. 

Whereas in this thesis, the filtrated fraction in percent of the total concentrations in Ind. and 

P.lot were 6-8% for Cd, 7-11% for Cu and 5-11% for Zn. The differences could be due to the 

time of sampling, a first flush or peak flush, or how far the melting had proceeded. It could also 

be explained by various use of de-icing salt which would affect the dissolved metal fraction. 

The fractionated Ni and Pb were more in agreement with the results in Westerlund et al. (2003).  

Regarding Cd, Ni and Cu in the catchment runoff, there was no significant difference between 

the <0.45 µm-fraction and the < 3 kNWML-fraction. This would indicate that these elements, 

in the filtered fraction were mainly present as small colloids (smaller than 3 kNMWL) and in 

the free phase. Regarding Zn in the catchment runoff, the <0.45 µm-fraction were slightly 

higher than the <3 kNMWL-fraction. This indicate that the free and small colloidal phase 

dominated the filtered fraction (0.45 µm) of Zn, but also that there were some larger colloids 

present. In the roof runoff, there was no significant difference between the <0.45 µm-fraction 

and the <3 kNMWL-fraction regarding Cd, and Zn from Zn-roof. For Ni, Cu from Zn-roof and 

Zn from Cu-roof, the <3 kNMWL-fraction was greater than the <0.45 µm-fraction. This 

indicate that the filtered fraction (0.45 µm), only contained the free phase and small colloids. 

Regarding Cu from Cu-roof, the <0.45 µm-fraction was about 15% higher than the <3 

kNMWL-fraction, indicating that the filtrated fraction contained Cu in the free phase as well as 

small and large colloids. The variability of free and colloidal phases (both small and larger 

colloids) in the urban runoff demand more advanced treatment. For example, Förstner et al., 

(2001) has studied the efficiency of artificial filtration systems for treatment of runoff and 

concluded that the presence of colloids affected the pollution retention capacity. The systems, 

based on removal by ion-exchange, worked well on the truly dissolved or weakly bound 

fractions of cations. However, pollutants strongly bound to colloids remained mobile in the 

system and passed right through it (Förstner et al., 2001).  
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Table 6. Fractionation in percent of total concentrations and corresponding phases. The values marked 

in blue highlight samples mainly in the particulate phase. Values marked with yellow, highlight samples 

highly abundant in the “free to colloidal” phases. 

Element Fraction in % of tot. Phase Ind. P.lot Zn-roof Cu-roof 

Al >0,45 Particulate 99.8 99.9 99.98 99.997 
 3 kNMWL-0,45µm Colloidal 0.2 0.1 0.02 0.003 
 <3 kNMWL Free-colloidal - - - - 

Cd >0,45 Particulate 92 94.2 24 58 
 3 kNMWL-0,45µm Colloidal 1 0.2 2 - 
 <3 kNMWL Free-colloidal 7 5.6 74 42 

Cr >0,45 Particulate 99.6 99.8 99 99.5 
 3 kNMWL-0,45µm Colloidal 0.2 0.1 0.5 - 
 <3 kNMWL Free-colloidal 0.2 0.1 0.5 0.5 

Cu >0,45 Particulate 88 93 82 27 
 3 kNMWL-0,45µm Colloidal 2 0.3 - 12 
 <3 kNMWL Free-colloidal 10 6.7 18 61 

Fe >0,45 Particulate 99.8 99.95 99.99 99.99 
 3 kNMWL-0,45µm Colloidal 0.2 0.05 0.01 0.01 
 <3 kNMWL Free-colloidal - - - - 

Ni >0,45 Particulate 95 97 75 69 
 3 kNMWL-0,45µm Colloidal - - - - 
 <3 kNMWL Free-colloidal 5 3 25 31 

Pb >0,45 Particulate 99.5 99.7 98.1 97.6 
 3 kNMWL-0,45µm Colloidal 0.5 0.3 0.8 1.6 
 <3 kNMWL Free-colloidal - - 1.1 0.8 

Zn >0,45 Particulate 88 95 8.5 - 
 3 kNMWL-0,45µm Colloidal 3 3 8.5 - 

  <3 kNMWL Free-colloidal 9 2 83 100 

 

6.5. Speciation with Ultrafiltration and DGT Techniques 
Comparing the concentrations measured with ultrafiltration and DGT gave more information 

about the metal speciation than merely looking at the results from one technique. The metal 

species in the <3 kNMWL-fraction could be stated to be free ions if they show no significant 

difference with the DGT measurements. In common for the catchment runoff was that the DGT 

measured free fraction was lower than the concentrations in the ultrafiltered samples. These 

results could be used to further interpret the phases present in the <3 kNMWL-fraction. For Cd, 

the DGT measured free fractions in the catchment runoff were under the report limit of 0.018 

µg/l. This indicate that Cd could only have been present as small, kinetically inert colloids in 

the filtered fraction (0.45 µm). This agrees with Makepeace et al. (1995), who stated that Cd in 

runoff often was associated with colloidal material. For Ni, Cu and Zn, the <3 kNMWL-fraction 

was significantly higher than the DGT measured free fraction. This could indicate that the <3 

kNMWL-fraction of Ni Cu and Zn in the catchment runoff mainly constituted of small colloids, 
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but also in small amounts of free metal ions. Furthermore, the results could imply that the labile 

metal concentrations were underestimated, as only diffusion coefficients for free ions had been 

used in the DGT calculations. These coefficients are higher compared to diffusion coefficients 

for metals complexed with organic ligands (Scally et al., 2006). The labile metal concentration 

of Ni, Cu and Zn could be calculated using the method described by Forsberg et al. (2006), 

assuming that the <3 kNMWL-fraction and DGT concentration should be equal. For example, 

a mix of 70% Cu bound to fulvic acids and 30% bound to humic ligands would generate a labile 

fraction equal to the <3 kNMWL-fraction in Ind.. This is a plausible assumption, considering 

the DOC concentrations in Ind., which corresponds to 5.3 mg/l, and that Cu often is associated 

with small organic materials (Smith & Huyck, 1999). Although, other assumptions about the 

ligand and free metal composition could generate the same result. Hence, information about the 

concentration of ligands in the studied water ought to be obtained, e.g. by modelling, before 

reliable calculations can be conducted. However, it can be concluded that the <3 kNMWL-

fraction, or the truly dissolved fraction, represented free metal ions as well as ligands and small 

colloids.  

The DGT measured free fraction, regarding Cd, Ni and Zn from Zn-roof and Cd and Ni from 

Cu-roof, showed no significant difference with the <3 kNMWL-fraction or the <45 µm-fraction 

(regarding Ni, the <3 kNMWL-fraction showed higher concentrations but not the <0.45 µm-

fraction). This indicate that the filtered fractions (0.45 µm) of these samples only contained free 

metal ions. Furthermore, these samples are highlighted in Table 6 as the <3 kNMWL-fractions 

constituted high percentages of the total concentrations. Comprehensively, this mean that free 

Cd-ions accounted for 74 and 42% of the total concentrations in Zn-roof and Cu-roof 

respectively. The same figures for Ni-ions were 24 and 32% for Zn-roof and Cu-roof 

respectively, and free Zn in the sample from Zn-roof stood for 100% of the total Zn-

concentrations. These findings agree well with the characteristics of cadmium, nickel and zinc 

in natural waters where the elements often are found as free ions or associated with particles 

and rarely form organic or inorganic complexes (Stumm & Morgan, 1995). Cu in the runoff 

from Cu-roof showed no significant difference between the DGT measured free fraction and 

the <3 kNMWL-fraction, that also constituted of 61% of the total copper concentration. This 

indicate that the major part of the Cu concentration from Cu-roof was released in the most 

bioavailable form, as free Cu-ions. However, studies have shown that surfaces close to the 

pollution source as drainage systems in concrete, cast iron or galvanised corrugated steel could 

somewhat retain free metals or alter the chemical speciation (Borris et al., 2017; Odnevall 

Wallinder et al., 2009).    
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7.  Conclusion 
In this thesis, metal fractionation and speciation in snowmelt runoff from different surfaces has 

been studied using two techniques, membrane filtration followed by DGT and ultrafiltration. 

Two types of runoff were examined, roof runoff from copper and zinc sheets and catchment 

runoff from a parking lot and an industrial area. 

In both types of runoff (roof runoff and runoff from catchments) Al, Cr, Fe and Pb were mainly 

present in the particulate fraction. For Cd, Cr, Cu, Ni and Zn, the membrane filtered fraction 

including larger colloids was the least represented fraction in all samples. Cd, Ni, Zn and Cu in 

the roof runoff generally showed higher concentrations after ultrafiltration compared to the 

catchment runoff. The DGT measurements revealed that the species in these ultrafiltered 

samples varied between free ions (for Ni, Cd, and Zn from the zinc roof), to ligands or small 

colloids (for Cu and Zn from the copper roof). In the catchment runoff, none of the measured 

elements showed equal concentrations comparing the ultrafiltered samples and the DGT 

measured free phase. However, if assuming that the two techniques would generate the same 

concentrations, ultrafiltration could be used to interpret the labile complexes measured by DGT. 

Although, more information about the presence of ligands in the catchment runoff is needed to 

conduct reliable calculations. Concluding that the roof runoff consisted to a greater extent of 

elements in the free phase and that the catchment runoff was more complex, probably 

containing several metal phases.  

For applications when the purpose is to measure the free phase, DGT could be a sufficient tool. 

However, in the case of more complex waters with metals abundant in several phases, the 

results gained from DGT measurements might be more easily interpreted if compared with 

ultrafiltration, as in the case of the catchment runoff in this study. Although, if the presence of 

ligands can be established (by modelling or measurements) the need for comparing DGT with 

ultrafiltration diminishes when considering the labile fraction. For speciation of elements that 

are expected to be present in high concentrations in the particulate phase, DGT measurements 

might be less motivated. If membrane and ultrafiltration is to be used for metal speciation, the 

results could be further interpreted if compared to DGT measurements regarding large and 

small colloids, metal ligands and free ions. Furthermore, if the purpose is to determine the 

particulate, colloidal (colloids in general and not distinguish small and large colloids) and the 

free phase, DGT measurements compared with merely membrane filtration might be sufficient.  
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8.  Further Research 
It would be interesting to further study metal fractionation and speciation using the two 

techniques, DGT and ultrafiltration, in runoff over the year, as the pollutant composition vary 

over the year. It would also be motivating to look at several samples representing the whole 

flush, as the particulate and dissolved fractions can differ during one event. Furthermore, DGT 

measurements could be a useful technique if studying changes in chemical speciation of metals 

at different distances from the source. Additionally, it would be interesting, in the same type of 

study conducted in this thesis, to determine the labile species using DGT devices with different 

diffusion gels, as described in Zhang & Davison (2000; 2001).  
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Appendix 1: Report limits 
 

Table A1:1. Report limits for the analysis of Metals in freshwater (V-2), Metals in wastewater (after 

digestion) (V-3b) (ALS Scandinavia AB, n.d.b.; n.d.c.) and Metals (cations) with passive sampler 

(PSM-1), (report limits depend on deployment time and temperature).  

V-2 Metals in 

freshwater 
 V-3b Metals in wastewater 

(after digestion) 
 

PSM-1 Metals 

(cations) with passive 

sampling 

Element 
Report limit 

µg/l 
 Element Report limit µg/l  Element 

Report limit 

µg/l 

Al 0.2  Al 10  Al - 

As 0.05  As 0.5  Cd 0.018 

Ba 0.01  Ba 1  Co - 

Ca 100  Ca 200  Cr 0.18 

Cd 0.002  Cd 0.05  Cu 0.3 

Co 0.005  Co 0.2  Fe - 

Cr 0.01  Cr 0.9  Mn 0.06 

Cu 0.1  Cu 1  Ni 0.2 

Fe 0.4  Fe 10  Pb 0.06 

Hg 0.002  Hg 0.02  Zn - 

K 400  K 400  

Mg 90  Mg 200    

Mn 0.03  Mn 0.9    

Mo 0.05  Mo 0.5    

Na 100  Na 500    

Ni 0.05  Ni 0.6    

P 1  Pb 0.5    

Pb 0.01  V 0.2    

Si 30  Zn 4    

Sr 2       

V 0.005       

Zn 0.2       
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Appendix 2: Data from Element analysis  
 

Table A2:1. V-3b analysis of the total element concentrations in the four samples. 

Element Unit Ind. P.lot Zn-roof Cu-roof 

Ca mg/l 10.1 9.92 2.83 2.29 

Fe mg/l 47.9 74.6 6.16 5.11 

K mg/l 19.1 33.5 2.01 1.7 

Mg mg/l 15 26.1 2.51 2.06 

Na mg/l 27.4 105 0.909 0.74 

Al µg/l 28200 50200 4020 3270 

As µg/l 4.01 2.15 3 0.596 

Ba µg/l 458 461 42 37.2 

Cd µg/l 0.289 0.29 0.169 0.0515 

Co µg/l 20.2 36.9 2.72 2.33 

Cr µg/l 95.6 199 8.82 9.75 

Cu µg/l 71.4 101 9.86 5830 

Mn µg/l 501 744 102 99.4 

Mo µg/l 2.58 3.58 <0.5 <0.5 

Ni µg/l 40.5 74.1 4.14 3.51 

Pb µg/l 21.3 16.4 17.4 26.9 

V µg/l 81.5 141 16.5 15.6 

Zn µg/l 370 408 14200 61.6 
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Table A2:2. V-2 analysis of the membrane filtered samples and the blank liquid used in blank samples. 

  Blank liquid Membrane (0.45 µm) filtered samples 

Samples Unit 22/4 22/5 Ind. P.lot Cu-roof Zn-roof 
0,45 blank 

26/5 

Ca mg/l <0.1 <0.1 5.75 5.19 0.349 0.527 <0.1 

Fe mg/l <0.0004 <0.0004 0.101 0.0338 0.00066 0.00088 <0.0004 

K mg/l <0.4 <0.4 2.09 5.01 <0.4 <0.4 <0.4 

Mg mg/l <0.09 <0.09 0.416 0.411 <0.09 <0.09 <0.09 

Na mg/l <0.1 <0.1 24.6 96.6 0.352 0.421 <0.1 

Si mg/l <0.03 <0.03 0.607 0.495 <0.03 0.0435 <0.03 

Al µg/l <0.2 <0.2 56.4 47.5 0.389 1.18 0.301 

As µg/l <0.05 <0.05 0.149 0.151 <0.05 <0.1 <0.05 

Ba µg/l <0.01 <0.01 12.7 7.65 3.33 3.1 0.0184 

Cd µg/l <0.002 <0.002 0.0235 0.0168 0.0194 0.129 <0.002 

Co µg/l <0.005 <0.005 1.09 1.47 0.223 0.215 <0.005 

Cr µg/l 0.0356 <0.01 0.33 0.272 0.0201 0.0977 <0.01 

Cu µg/l <0.1 <0.1 8.23 7.14 4250 1.13 <0.1 

Mn µg/l <0.03 <0.03 53 29.1 8.33 10.9 0.0421 

Mo µg/l <0.05 <0.05 0.637 1.04 <0.05 <0.1 <0.05 

Ni µg/l <0.05 <0.05 1.7 2.38 0.747 0.644 <0.05 

P µg/l <1 <1 12.4 10.6 8.13 19.9 <1 

Pb µg/l <0.01 <0.01 0.1 0.0573 0.332 0.65 <0.01 

Sr µg/l <0.01 <2 26.5 55.4 2.2 2.95 0.0564 

V µg/l <0.005 <0.005 0.324 0.238 0.17 1.2 <0.005 

Zn µg/l 0.811 <0.2 42 19.3 54.9 13000 0.9 
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Table A2:3. V-2 analysis of ultrafiltered (3 kNMWL) samples. 

Samples Unit Ind. P.lot Cu-roof Zn-roof Blank 22/4 Blank 26/5 

Ca mg/l 5.65 5.01 0.319 0.515 <0.1 <0.1 

Fe mg/l 0.0196 0.00508 0.0012 0.00095 0.0015 0.00161 

K mg/l 2.02 3.45 <0.4 <0.4 <0.4 <0.4 

Mg mg/l 0.399 0.397 <0.09 <0.09 <0.09 <0.09 

Na mg/l 25.4 95.5 0.557 0.699 0.456 0.162 

Si mg/l 0.506 0.42 <0.03 0.0441 <0.03 <0.03 

Al µg/l 6.42 17.8 1.4 1.35 0.422 2.88 

As µg/l 0.136 0.0995 <0.05 <0.1 <0.05 <0.05 

Ba µg/l 11.5 7.27 3.09 3.1 0.1 0.0384 

Cd µg/l 0.0205 0.0162 0.0215 0.125 <0.002 <0.002 

Co µg/l 0.971 1.34 0.203 0.202 <0.005 <0.005 

Cr µg/l 0.146 0.16 0.0627 0.0556 0.014 0.0129 

Cu µg/l 7 6.85 3570 2 <0.1 0.191 

Mn µg/l 50.8 27.7 7.52 10.4 0.1 0.212 

Mo µg/l 0.634 0.955 <0.05 <0.1 <0.05 <0.05 

Ni µg/l 2.12 2.58 1.2 1.11 0.167 0.0765 

P µg/l 16.2 11 13 35.1 14.8 7.08 

Pb µg/l 0.0122 0.0197 0.216 0.242 0.0123 0.0303 

Sr µg/l 26.2 53.4 2.31 3.36 0.0915 0.0606 

V µg/l 0.211 0.163 0.146 1.2 <0.005 <0.005 

Zn µg/l 35.1 10.4 67.8 11800 3.46 3.05 
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