
LICENTIATE T H E S I S

Luleå University of  Technology
Department of Chemical Engineering and Geosciences 

Division of Applied Geology

2005:77|: 02-757|: -c -- 05⁄77 -- 

2005:77

Trace Metal Speciation in Fresh and 
Brackish Waters Using Ultrafiltration,
DGT and Transplanted Aquatic Moss

Jerry Forsberg



Trace Metal Speciation in Fresh and Brackish Waters Using 
Ultrafi ltration, DGT and Transplanted Aquatic Moss

Jerry Forsberg

Division of Applied Geology
Department of Chemical Engineering and Geosciences

Luleå University of Technology
SE-971 87 Luleå, Sweden

Luleå 2005





Abstract

Distribution, mobility and toxicity of metals in natural waters are strongly related to their aqueous 
speciation. To understand the behaviour of an aqueous element and the transformation between 
chemical species, there is a need for reliable methods that enable measurements of specifi c fractions 
of metals.
   Ultrafi ltration has frequently been used to study speciation of metals in natural waters. Several 
disadvantages are, however, associated with ultrafi ltration. The procedure is complicated, time 
consuming and implies sampling and storage of water which may result in a change in metal 
speciation. A possible alternative or complement to ultrafi ltration is the technique of diffusive 
gradients in thin fi lms (DGT), which provides an in situ measurement of labile metal species. DGT 
accumulates metals in a time-integrated way and produces a mean concentration over the chosen 
deployment period. 
   The relatively common occurrence of aquatic mosses and their ability to accumulate metals have 
led to an extensive use of moss as bioindicators in monitoring of aquatic environments. For waters 
where no native species can be used as bioindicator, transplant techniques have been developed.   
   The aim of this study was to investigate differences and similarities between the trace metal 
speciation methods, DGT, 1 kDa ultrafi ltration, 0.22 μm membrane fi ltration and transplanted 
aquatic moss, and to examine their dependence on water geochemistry.
   Two studies have been conducted and included in this work. In 2003 and 2004, DGT and 1 kDa 
ultrafi ltration were simultaneously applied at two sampling stations in the Baltic Sea with different 
salinity and total trace metal concentrations. A total of 16 samplings were performed at the two 
sites. In 2004 and 2005, DGT, 1 kDa ultrafi ltration and aquatic moss were simultaneously applied 
in the small freshwater stream Gråbergsbäcken in northern Sweden together with a standard 0.22 
μm membrane fi ltration. The sampling was conducted 10 times over a whole icefree period.
   In the Baltic Sea concentrations of Mn, Zn and Cd measured by DGT were similar to the 
concentrations measured in 1 kDa ultrafi ltered samples, especially for Mn. For Cu and Ni, the 
ultrafi ltered concentrations clearly exceeded the DGT-labile concentrations. This indicates the 
existence of low molecular weight Cu and Ni species, small enough to pass through the 1 kDa 
ultrafi lter but not labile enough to be retained in the DGT units. 
   In Gråbergsbäcken, it was shown that 0.22 μm membrane fi ltration, 1 kDa ultrafi ltration and DGT 
generally measure different metal fractions, where <1 kDa ultrafi ltered concentrations were lower 
than DGT-labile concentrations, which in turn were lower than <0.22 μm concentrations. 
   No signifi cant correlations were found between moss and any of the other speciation methods 
used, except for the relationship found between Fe in moss and particulate Fe, which suggests a 
substantial retention of Fe-rich particles on the surface of the moss plants. A comparison between 
moss samples and water samples regarding toxicological threshold levels for metals, used by 
Swedish authorities, showed that high metal concentrations in water samples are not necessarily 
refl ected in moss samples. 
   This is the fi rst comparison of DGT and 1 kDa ultrafi ltration regarding trace metals in both fresh 
and brackish water. DGT labile colloids, to large to pass the ultrafi lter, found in Gråbergsbäcken 
seems to be absent in the Baltic Sea. Instead, in the brackish water, a non-labile fraction was found 
which was small enough to pass the ultrafi lter. Strong correlations between the methods implies 
that DGT can be a simple alternative to an ultrafi ltration procedure. The concentration differences 
shown in fresh water can likely be reduced by using a restricted diffusion gel. This must, however, 
be tested and evaluated.
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Introduction

Distribution, mobility and bioavailability of metals in natural waters are strongly related to their 
aqueous speciation and to the chemical and physical processes they participate in. Environmental 
changes in a water strongly infl uence the form in which a metal exists and thus the potential toxicity of 
the element. For example, if pH decreases in a water, a transformation of non-toxic aluminosilicates 
and organic Al-complexes into free ionic or inorganic toxic Al may occur, causing, in extreme cases, 
substantial fi sh-kills. To understand the behaviour of an aqueous element and the transformation 
between chemical forms, there is a need for reliable methods that enable measurements of specifi c 
fractions of metals.
   Aquatic metal species are mainly divided in to three groups: particles, colloids and soluble forms. 
These groups can be further divided in to several sub-groups based on both size and chemical form. 
A wide range of defi nitions of the different groups can be found in the literature, which refl ects the 
complexity of speciation. Approximate size ranges of the three groups have been presented (1,2). In 
practice, an operational defi nition is usually applied depending on the speciation techniques used. 
In this study, a size defi nition, based on the methods used, is applied in general; Particles: >0.22 μm, 
colloids: 0.22 μm – 1 kDa, soluble forms: <1 kDa. 
    Ultrafi ltration has frequently been used to study speciation of metals in natural waters (e.g., 3,4). 
Several disadvantages are, however, associated with ultrafi ltration. The procedure is complicated 
and demands a rigorous handling protocol for satisfying results (5). The laboratory-based fi ltration 
process implies sampling and storage of water, which may result in a change in metal speciation 
(6-8). Since ultrafi ltration is based on grab samples, extensive sampling is necessary if correct 
temporal variations are supposed to be measured (9). A very time-consuming procedure and 
relatively expensive materials are additional drawbacks.
   Diffusive gradients in thin fi lms (DGT) introduced by Davison and Zhang (10), have been used 
for trace metal speciation in natural waters (e.g., 11,12), and provides an in situ measurement 
of labile metal species. The method has been proposed as a possible method to measure the 
bioavailable fraction in aquatic systems (9,12). In several studies, DGT has been compared to 
other speciation methods. It has been used together with membrane fi ltration in estuarine waters 
(9) and compared to membrane fi ltration together with competitive ligand exchange followed by 
voltammetric measurements (13-15). DGT has also been used in conjunction with dialysis to study 
speciation of trace metals in lake water (16). The method has emerged as an interesting alternative 
or complement to ultrafi ltration. The in situ measurement prevents any problems with speciation 
changes associated with sampling, and storage, and DGT is cheap, time-saving and easy to use. 

The widespread occurrence of aquatic bryophytes coupled with their ability to accumulate metals, 
has led to an extensive use of bryophytes as bioindicators in monitoring of aquatic environments 
(17,18). Transplant techniques have been developed for waters where no native species can be 
used (19). The aquatic moss Fontinalis Antipyretica is one of the most commonly used species for 
transplant purposes and has been widely used in monitoring of metals in fresh waters (20,21). A 
comparison of metal uptake in moss and the metal speciation in the ambient water is of interest in 
evaluating the relation between metal concentrations in moss and water. 
   The overall aim of this thesis was to investigate differences and similarities between four trace 
metal speciation methods, DGT, 1 kDa ultrafi ltration, 0.22 μm membrane fi ltration and transplanted 
aquatic moss, and to examine their dependence on water geochemistry. Two studies have been 
conducted and included in this work. 
   In 2003 and 2004, DGT and 1 kDa ultrafi ltration were simultaneously applied at two sampling 
points in the Baltic Sea with different salinity and total trace metal concentrations. The aim was to 
accomplish a close comparison of these methods in brackish water and to evaluate if DGT could be 
used as an alternative or complement to ultrafi ltration. This study provides the fi rst comparison of 
these two fundamentally different techniques for speciation of trace metals. It is also the fi rst study 
of DGT performance in brackish seawater. This work is presented in ppI.
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   In 2004 and 2005, DGT, 1 kDa ultrafi ltration and aquatic moss were applied at the same time 
in a small freshwater stream in northern Sweden together with a standard 0.22 μm membrane 
fi ltration. The sampling was conducted 10 times over a whole icefree period. A close comparison 
of the techniques was achieved regarding trace metal speciation in fresh water, and the ability 
to characterize the distribution of metal species by a simultaneous deployment of the methods 
was investigated. The possible capability of DGT to measure the bioavailable fraction of metals 
was explored and the use of DGT as a substitute for ultrafi ltration, addressed in ppI, was further 
evaluated. This work is presented in ppII.

Site descriptions

In ppI, two sampling stations in the Baltic Sea were chosen, with different salinity and total trace 
metal concentrations. Ekhagen Bay is situated in the inner parts of the Stockholm archipelago, 
and Landsort is situated 40 km off the Swedish coast in the open Baltic Sea (Figure 1). Ekhagen 
is mainly characterized by low-salinity estuarine water, substantially infl uenced by freshwater 
discharge. The trace metal concentration is higher than in the open Baltic Sea and the mean salinity 
during the sampling period was 3.3 ‰. The sampling point Landsort is situated in open waters, 
away from any major rivers. Trace metal concentrations are low and the mean salinity was 6.3 ‰ 
during sampling. 
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Figure 1.  Sampling sites in the Baltic Sea, Ekhagen and Landsort (ppI). 
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Methods and experimental procedure

Diffusive gradients in thin fi lms (DGT)

A DGT device consists of a binding gel followed by an ion permeable hydrogel and a protective 
membrane fi lter in contact with solution (Figure 3).  When the device is immersed in water, ions 
in solution pass through the membrane fi lter and the diffusive layer and accumulate on the binding 
agent, immobilized in the binding gel. This process establishes a linear concentration gradient in 
the hydrogel (Figure 4). The fl ux, J, of ions through the gel can then be explained by Fick’s fi rst law of 
diffusion where D is the diffusion coeffi cient and dC/dx is the concentration gradient (Equation 1).

      (1)

Since ions are rapidly immobilized in the binding gel, the concentration of ions in the interface 
between binding gel and hydrogel can be expected to be effectively zero, as long as the binding 
agent is unsaturated. This assumption implies that dC is equal to the ion concentration in the bulk 
solution C. If the diffusive boundary layer is negligibly small, Equation 1 can be expressed as 
follows: 

   The sampling in ppII was performed in the small stream Gråbergsbäcken draining the tailings 
area of the abandoned Cu mine Laver in northern Sweden (Figure 2). The sampling point is situated 
downstream a clarifi cation pond and a mire area. The trace metal geochemistry of the water is 
mainly characterized by elevated concentrations of Cu and Zn (22). The aquatic moss used in 
Gråbergsbäcken was collected in the small brook Riskölbäcken approximately 60 km from the 
Laver mine site. This is a non-polluted water running through a forest area. Metal concentrations in 
moss from Riskölbäcken were low during the sampling period. 
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Figure 2.  Location of the Laver Cu-mine (ppII). 
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       (2)

The fl ux can also be explained with the mass accumulated in the binding layer, M, the exposed area 
of the diffusive gel, A, and the deployment time, t (Equation 3).

         (3)

Equations 2 and 3 provides an expression of the concentration in the bulk solution explained by the 
accumulated mass in the resin, deployment time, and known values of g, A and D (Equation 4).

       (4)

To measure the mass of accumulated ions, the resin gel is eluted with a known volume, V
e
, of 

solution (1M HNO
3
 in this study). The concentration of ions in the eluent, C

e
, is then analytically 

measured. All metals bound in the resin gel cannot be eluted and the ratio of eluted to bound metal 
is called the elution factor, f

e
. The accumulated mass of ions in the resin can be calculated from 

Equation 5 where Vg is the volume of the resin gel.

       (5)

The diffusion coeffi cient, D, in the gel is dependent on the composition of the diffusion layer and 
on temperature. Hydrogels based on acrylamide can have a wide range of pore sizes depending 
on the proportion of cross-linker used, which determines the diffusion coeffi cient. Correction 
for temperature can be made using the Stoke-Einstein relationship, which links the temperature 
dependence to viscosity (23). 
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   Several types of hydrogels with different diffusive properties can be used in the DGT as diffusive 
layer. Most commonly used are polyacrylamide hydrogels with different types and proportions of 
cross-linker (24). Most commonly used is the APA-gel, an open pore gel with a pore size >5 nm. 
The CGa-gel is a restricted gel with a pore size <1 nm. Different binding agents can be used in 
the binding gel with selectivity for different substances. The Chelex resin is used for trace metals, 
iron oxide is used for phosphate and arsenic, and silver iodide is used for measurement of sulphide 
(23,25,26). The membrane fi lter serves as a protection for the gels and minimizes possible adhesion 
of particles to the surface of the device. Generally, a cellulose nitrate fi lter is used with a pore size 
of 0.45 or 0.22 μm. The fi lter has been shown to act as an extension of the diffusive gel with no 
change in diffusion coeffi cient (24). 
   Standard piston-type DGT units were used throughout the studies in ppI and ppII. The units 
were prepared as described previously (27) with APA-gel (15% acrylamide, 0.3% patented agarose-
derived cross-linker) as diffusive layer, Chelex® 100 resin (Na-form, 200-400 mesh) as binding agent 
and a 0.22 μm cellulose nitrate membrane fi lter as  protective outer layer. Diffusion coeffi cients 
provided by DGT Research Ltd. (28) were used for the average water temperatures calculated from 
in situ temperature measurements every second hour during the deployment periods. The hydrogel 
thicknesses were 0.75 mm at Ekhagen, 0.77 mm at Landsort and 0.77 mm in Gråbergsbäcken. 
Membrane fi lter thickness was 0.13 mm for all DGT units and exposed diffusion area was 3.14 cm2.
The elution factor was assumed to be 0.8 for all metals (23). Considering the high-energy marine 
environment in the Baltic Sea and an average fl ow velocity of 0.4 m s-1 in Gråbergsbäcken, the 
diffusive boundary layer (DBL) was assumed to be negligible. 
   Three factors determine which species DGT will measure: the binding agent, the thickness of the 
diffusive gel and the pore size of the diffusive gel. A gel pore size >5 nm (used in this work) permits 
free metal ions, inorganic metal complexes and small organic metal complexes to diffuse, while 
particles and large colloids are excluded (23,24). Since complexes must dissociate in the hydrogel 
to be measured, only complexes with suffi cient dissociation rate will be retained in the resin (23). 
The time available for this dissociation is roughly the time taken for a metal to diffuse through the 
diffusive gel which, is determined by the gel thickness. Generally, DGT measures species able to 
dissociate within 1 min. Consequently, only labile metal complexes are measured, while less labile 
and inert species will be discriminated. 

C

g

D
B

L

Diffusive gel

Distance

C
on

ce
nt

ra
ti

on

R
es

in
 g

el

Figure 4. Schematic view of a DGT device in contact with solution, showing the steady state concentration gradient. 
C = bulk metal concentration, g = thickness of the diffusive gel,  = thickness of the diffusive boundary layer (DBL).
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   When using DGT some limitations must be taken into consideration. If the ionic strength in 
the water is below ~10-4 M, irregular results can be expected. This problem has been addressed 
in previous studies (29-31). The pH is another factor limiting the DGT method. In the pH 5-10 
interval, DGT can be expected to work according to theory (32). If the pH decreases to pH 4-5, 
hydrogen ions start to compete with metal ions for the sites on the resin which results in erroneous 
measurements. At a pH above 10 the structure of the diffusive gel may change and affect the DGT 
response. To prevent a diffusive boundary layer (DBL) from forming, suffi cient water movement 
must be ensured. A fl ow velocity above 0.02 m s-1 was reported as a minimum limit (32). 

Ultrafi ltration

Ultrafi ltration techniques have frequently been used to study fractionation of elements in aquatic 
environments (3,4). The ultrafi ltration method used in this work and addressed in further text, 
is a tangential fl ow fi ltration technique (TFF) (Figure 5). In a TFF process, the water sample is 
recirculated parallel to the fi lter membrane at a high fl ow rate. This enables colloids and particles to 
remain in suspension and prevents fouling and clogging of the fi lter. A hydrostatic pressure drives 
components smaller than the membrane pore size through the fi lter. Constituents larger than the 
membrane pore size will be recycled in the process and retained in the retentate reservoir.  

TFF
filter

Pump

RetentateFeed Permeate

Figure 5.  Schematic set up of the ultrafi ltration.

The following terminology and parameters are used regarding ultrafi ltration:

- Permeate: The solution which passes the fi lter membrane during ultrafi ltration.

- Retentate: The solution in which compounds discriminated by the fi lter membrane are retained.

- CF: Concentration factor. The factor by which colloids and particles are concentrated in the 
retentate, i.e., the ratio between the total water volume and the retentate volume after the process 
has been completed. CF is calculated from:
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             (6)

- CFR: Cross fl ow ratio. Retentate fl ow divided by permeate fl ow.

- Recovery: The concentration of a certain element in permeate and retentate as percent of the 
concentration in the feed (Equation 7).

           (7)  

The TFF ultrafi ltration system used in ppI and ppII was a MilliPore Prep/Scale system. Prep/Scale 
Spiral Wound TFF-6 modules were used with manufacturer-specifi ed cutoffs of 1 and 10 kDa. For 
both modules, the fi lter membrane area was 0.54 m2 and the fi lter material was regenerated cellulose. 
The fi lters were used alone and in combination and with different pre-fi ltration procedures at the 
different sampling sites (Figure 6). Operational settings for the different procedures are presented 
in ppI and ppII. The retentate volume was kept constant at ~4 l during the fi ltration process and 
was circulated for approximately 10 min, with the permeate line closed, at the end of the process. 
Pre-fi ltered water was sampled prior to ultrafi ltration and permeate and retentate were sampled 
from the bulk solutions after completed ultrafi ltration. Before every new sampling occasion and 
after every fi ltration, the fi lters were rinsed with MilliQ water and solutions of NaOH and HCl, 
according to a procedure described by Ingri et al. (33). 
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Figure 6.  Flow schemes for the ultrafi ltration procedures in Ekhagen (A), Landsort (B) and Laver (C).
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    It is important to use correct and consistent operational parameters when ultrafi ltration is 
performed. Larsson et al. (5) propose a concentration factor (CF) >10 and a cross fl ow ratio (CFR) 
of at least 15 for reliable results. A CF between 10 and 15 was also suggested by Wilding et al. 
(34).
   A pore size of 1 kDa equals approximately 2 nm. It should be noted that the pores of a fi lter with 
manufacturer-specifi ed cutoff of 1 kDa range between ~0.7 and ~1.3 kDa (34), and also that the 
cutoff in Daltons is a nominal value, and that the real cutoff depends on the structure and chemical 
composition of the present metal species (5). Studies have shown that a manufacturer-defi ned 
cutoff of 1 kDa corresponds to a real cutoff of 2.1 – 2.5 kDa (5,34). It can be expected that a 1 kDa 
permeate, in addition to free metal ions, will contain different forms of small colloids.

Membrane fi ltration

0.22 μm membrane fi ltration was used in ppI as a laboratory-based pre-fi ltration preceding the 
ultrafi ltration and as an independent speciation method used directly in fi eld in ppII. Nitrocellulose 
Millipore fi lters were used mounted in a 142 mm Geotech polycarbonate fi lter holder. Water was 
brought to the fi lter holder using plastic polyamide tubing connected to a peristaltic pump. The 
permeate was collected in acid-washed 125 ml plastic bottles and stored at 4°C before analysis. 
Prior to use, fi lters were acid-cleaned in 5% acetic acid for at least 3 days and thereafter thoroughly 
rinsed in MilliQ water. Blanks were collected for analysis. The fi lter holder and tubing were acid-
cleaned before every sampling in 5% HNO

3
for approximately 48 h and then rinsed in MilliQ 

water.

Aquatic moss

Aquatic moss accumulates metals in a time-integrated way and reaches an equilibrium related to 
the metal concentration in the surrounding water (35). The uptake of metals can be divided into 
two main phases based on the cellular compartment in which the metal accumulates; extracellular 
followed by intracellular uptake (36). Extracellular uptake is dominated by exchange adsorption to 
the cell walls. This is a rapid uptake (minutes to a few hours) and the metals are readily exchangeable 
if the concentration levels in the water change. The intracellular uptake is a slow accumulation 
(hours to several weeks) within the cell, and the metal concentrations in this compartment are not as 
greatly affected by a change in the surrounding water concentrations. Retention of particulate metal 
or precipitation of metal oxides to the surface of the plant may also contribute to the measured 
concentrations (37). If metal concentrations in the water decrease, the moss re-equilibrates to the 
new levels. This release rate is, however, slower than the uptake rate (35). The accumulation in 
the moss is affected by several factors including temperature, light intensity and physicochemical 
water parameters. 
   The aquatic moss Fontinalis Antipyretica L. ex Hedw. was used in the work of ppII. Shoots from 
the moss were collected from an unpolluted reference brook and transported to the study site for 
exposure. After 14-22 days the moss bags were retrieved. Before analysis, a preparation procedure 
similar to the one used by Say et al. (17) was performed.    

Field work

In Ekhagen, sampling was performed from a 40m-long wooden pier. Three replicate DGT devices 
were deployed for approximately 2 weeks in 6 deployment periods between April 2 and June 2 
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2003. The units were suspended with plastic rope from a buoy to 4m depth. A StowAway TidbiT 
temperature logger was connected to the DGT device to record temperatures every second hour 
during the deployment. On six occasions between March 18 and June 2 2003, usually at the start 
and end of the DGT deployments, water was collected at the sampling site for membrane fi ltration 
and ultrafi ltration in laboratory. Unfi ltered water samples for direct analysis were also collected at 
the sampling point.
   In Landsort, all sampling was conducted from the research ship M/S Fyrbyggaren. DGT units were 
deployed in duplicate, 10 times, for 2 to 4 weeks, over the period March 10 to September 9, 2004. 
At 5m depth, the DGT units were attached to a rope suspended from a buoy and stretched out with 
a plastic-covered weight. As in Ekhagen, temperature loggers were attached to the DGT devices. 
On 13 occasions between March 10 and September 9, 2004, water was collected at Landsort for 
fi ltration and unprocessed samples. Filtration with 0.22 μm membrane fi lter was performed onboard 
the ship. The 1 kDa ultrafi ltration was conducted in laboratory within 24h after sampling.     
   Sampling in Gråbergsbäcken was performed 7 times between June16 and November 3, 2004 
and 3 times between May 18 and June 29, 2005. 0.22 μm membrane fi ltration was conducted on 
every sampling occasion. Water was collected for ultrafi ltration in laboratory. Two DGT devices 
and two moss bags were deployed every sampling occasion and left in the water until the next 
time of sampling. The deployment periods were between 14 and 22 days. The DGT units and moss 
bags were attached to a plastic rope anchored to the bottom and stretched to the surface by a buoy. 
A StowAway TidbiT temperature logger was connected to the rope to record temperatures every 
second hour during the deployment. Reference moss samples were collected in Riskölbäcken for 
direct analysis. Water for DOC analysis was fi ltered through a 0.8 μm Whatman glass microfi bre 
fi lter mounted in a steel fi lter holder. Conductivity and pH were monitored during sampling with 
a Hydrolab MiniSonde. The water fl ow was measured by timing a small bottle, fi lled with water, 
fl oating with the stream a known distance (10m) in a part of the stream with known cross-section 
area.

Analysis

DGT resin gels were eluted in 5 ml of 10% HNO
3
(suprapur). DGT eluents, 0.22 μm fi ltrate and 

permeate and retentate from the ultrafi ltration were analysed by Inductively Coupled Plasma – 
Sector Field Mass Spectrometry (ICP-SFMS) or Inductively Coupled Plasma – Atomic Emission 
Spectroscopy (ICP-AES). For analysis of particulate Cd, Co, Cu, Mn, Ni and Zn, the 0.22 μm 
membrane fi lters were digested in a microwave oven with HNO

3
 and H

2
O

2
 in closed Tefl on 

containers and analysed with ICP-SFMS. For particulate Fe and Al, the fi lters were placed in Pt 
crucibles, digested in a regular oven at 1000°C and analysed with ICP-AES.  Moss samples were 
dried at 105°C and digested in a microwave oven with HNO

3
 and H

2
O

2
 in closed Tefl on containers. 

The digests were analysed with ICP-AES or ICP-SFMS. The DOC samples were analysed by high-
temperature combustion using a Shimadzu TOC-5000.

Main results and conclusions

In Ekhagen and Landsort (ppI), concentrations of Mn, Zn and Cd measured by DGT were similar 
to the concentrations measured in 1 kDa ultrafi ltered samples, especially for Mn. The generally 
good agreement between the two techniques is likely due to the fact that these metals rarely form 
organic complexes. For Cu and Ni, the ultrafi ltered concentrations clearly exceeded the DGT-labile 
concentrations. This indicates the existence of low molecular weight Cu and Ni species, small 
enough to pass through the 1 kDa ultrafi lter but not labile enough to be retained in the DGT units. 
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Fe measured in ultrafi ltered water was in the same concentration range as DGT-labile Fe, but did 
not follow the same temporal pattern. 
   As an alternative to 1 kDa ultrafi ltration, DGT can be used for measurement of labile Mn, Zn 
and Cd in the Baltic Sea. Fe concentrations were low and analysis of ultrafi ltered permeate were 
often below or close to detection limits. DGT, with its accumulating capacity, may be a favourable 
alternative for measurements of labile Fe 
   The comparison of DGT and ultrafi ltration in the Baltic Sea shows that both methods have strengths 
and weaknesses. Fouling of the diffusive window is one of the drawbacks for DGT, especially 
during long-term exposures, and the effect has not yet been elucidated. DGT measures a time-
integrated average concentration, while the ultrafi ltrated concentrations are based on single grab 
samples. The ultrafi ltered concentrations may therefore not be representative for a longer period of 
time. On the other hand, if the results are supposed to be compared to unfi ltered grab samples or 
membrane fi ltrates, the ultrafi ltration might render a more direct comparison than DGT. A change 
in metal speciation between sampling and fi ltration is a problem of importance for ultrafi ltration. 
This is not a problem with an in situ method like DGT. The time and money saving factor using 
DGT is important, especially when sampling is conducted over prolonged periods. In waters with 
very low metal concentrations, where analysis of ultrafi ltration permeate results in values below 
detection limits, DGT is useful because of the pre-concentration capability.  
   In Gråbergsbäcken (ppII), signifi cant correlations were found for all metals except Fe between 
concentrations in <0.22 μm fi ltrate and <1 kDa permeate. Differences in concentration levels 
between the methods were almost constant throughout the study, where <0.22 μm levels exceeded 
<1 kDa. This suggests an almost constant amount of colloidal matter in the Gråbergsbäcken stream, 
not dependent on total concentration levels, type of water discharged, or time of year. 
   A comparison of DGT-labile concentrations and concentrations in <1kDa permeate in 
Gråbergsbäcken, showed a systematic difference where DGT values exceeded those in <1kDa 
permeate. This could be explained by a fraction of metals too large to pass the ultrafi lter but labile 
enough to be measured by the DGT. A standard diffusive gel (pore size >5 nm) was used in this study. 
The signifi cant correlations found in Gråbergsbäcken between DGT and <1 kDa concentrations for 
Al, Cu, Cd, Co and Zn, and the possibility to use a restricted diffusion gel, makes DGT interesting 
as a substitute to 1 kDa ultrafi ltration for determination of dissolved metal concentrations. 
   When DGT and <1 kDa pemeate are compared, the differences between Laver and Baltic Sea must 
be noted. A fraction of labile colloids, to large to pass the ultrafi lter, is found in Gråbergsbäcken. 
This type of fraction seems to be absent in the Baltic Sea, were a non-labile fraction is present, 
small enough to pass the ultrafi lter but not measured by the DGT.  
   In Gråbergsbäcken, the concentrations in <0.22 μm fi ltrates were higher than DGT-labile 
concentrations for Fe, Al, Cu, Mn and Co suggesting that a fraction of these metals is bound in 
non-labile or large colloids not measured by DGT. For Zn, Cd and Ni similar concentrations were 
measured with the two methods in spring and late autumn, while the <0.22 μm concentrations 
were higher than DGT during the summer. This suggests that a discharge increase measured in 
July, generated a fraction of non-labile or large colloids not measured by the DGT. This colloidal 
fraction may have been transferred to the stream from the topsoil by near surface runoff. It may also 
originate from sediment material, stirred up from the stream bed. 
   No signifi cant correlations were found between moss and any of the other speciation methods 
used, except for the relationship found between Fe in moss and particulate Fe, which suggests a 
substantial retention of Fe-rich particles on the surface of the moss plants. A particle coating may 
have an effect on cellular uptake and on the retention of other particle-bound metals. A comparison 
between moss samples and water samples regarding toxicological threshold levels for metals used 
by Swedish authorities, was performed. Very high concentration levels of Cu found in water samples 
in Gråbergsbäcken were refl ected in samples of moss, but high concentrations of Zn, Cd and Co in 
water samples were not refl ected in moss samples. Generally, elevated concentrations were found 
in moss exposed in Gråbergsbäcken compared to reference moss from Riskölbäcken. 
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Abstract

Diffusive gradients in thin fi lms (DGT) and ultrafi ltration technique were used to measure trace 
metal concentrations in the Baltic Sea. The results provide the fi rst comparison of these two 
fundamentally different speciation methods for trace metals. Cd, Cu, Fe, Mn, Ni and Zn were 
measured at two sites with different total trace metal concentrations. Piston-type DGT units prepared 
with APA-gel as diffusive layer and  Chelex 100 resin (Na-form, 200-400 mesh) as binding agent 
were used throughout the study. The ultrafi ltration was performed with Millipore Prep/Scale Spiral 
Wound TFF-6 modules with manufacturer-specifi ed cutoffs of 1 and 10 kDa. Filter material was 
regenerated cellulose. Concentration levels of Mn, Zn, Cd and, to some extent, Fe measured by 
DGT agreed with the concentrations measured in 1 kDa ultrafi ltered samples. In contrast, for Cu 
and Ni the ultrafi ltered concentrations exceeded the DGT-labile concentrations. This indicates the 
existence of low molecular weight Cu and Ni species, small enough to pass through the 1 kDa 
ultrafi lter but not labile enough to be measured by the DGT units. The ability of DGT to pre-
concentrate metals was found to be an analytical advantage compared with ultrafi ltration. DGT 
appears to be a good alternative to 1 kDa ultrafi ltration for measurement of truly dissolved Mn, Cd, 
Zn and Fe in the Baltic Sea.
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Introduction

Distribution, mobility and toxicity of metals 
in natural waters are strongly related to 
their aqueous speciation (1). The biological 
response of an organism depends not simply 
on total concentrations but on the activities 
of the metal ions and their complexes, and on 
the concentration of labile metal species in 
solution (2,3). To understand the behaviour 
of an aqueous element and the transformation 
between chemical forms there is a need for 
reliable methods that enable measurements of 
specifi c fractions of metals.
   Ultrafi ltration has frequently been used to 
study speciation of metals in natural waters 
(e.g., 4,5). In a recent study Ingri et al. (6) used 
cross-fl ow ultrafi ltration technique to determine 
the size distribution of trace metals and organic 
carbon in the Baltic Sea. Various evaluations of 
ultrafi ltration techniques have been performed 
(7,8). Two cross-fl ow ultrafi ltration systems 
were optimized by Larsson et al. (9) for Baltic 
Sea surface waters. Some disadvantages 
are however associated with ultrafi ltration. 
The procedure is complicated and demands 
a rigorous handling protocol for satisfying 
results. The laboratory-based fi ltration process 
implies sampling and storage of water which 
may trigger aggregation and oxidation of 
metals and result in a change in metal speciation 
(10,11). Laxen and Chandler (12) found a 
change in metal speciation in water stored for 
more than 2h between sampling and fi ltration. 
Since ultrafi ltration is based on grab samples, 
extensive sampling is necessary if correct 
average concentrations or temporal variations 
are to be measured (13), particularly in dynamic 
waters like coastal or estuarine waters where 
metal concentrations may fl uctuate extensively. 
If sampling frequency is low, the measurements 
may represent a temporary increase or decrease 
in concentration level instead of the average 
metal concentration. Ultrafi ltration is, in 
addition to above mentioned drawbacks, an 
expensive and time-consuming procedure.
   A possible alternative or complement to 
ultrafi ltration is the emerging technique 
of diffusive gradients in thin fi lms (DGT) 
introduced by Davison and Zhang (14). DGT 

has been used for trace metal speciation in 
natural waters (e.g., 15,16) and provides an in
situ measurement of labile metal species, which 
prevents problems with speciation changes 
associated with sampling and storage. DGT 
accumulates metals in proportion to time and 
produces a mean concentration over the chosen 
deployment period. The pre-concentration 
ability is an important quality in waters with 
extremely low dissolved metal concentrations. 
DGT is also a cheap, time-saving and easy-
to-use method. In several studies, DGT has 
been compared to other speciation methods in 
different types of natural waters. It has been used 
together with membrane fi ltration in estuarine 
waters (13) and compared to competitive 
ligand exchange followed by voltammetric 
measurements regarding speciation of Cu in 
coastal marine waters (CLE-ACSV) (17), 
Cu and Zn in stream water (CLE-DPASV or 
CLE-DPCSV) (18) and speciation of Cu, Zn, 
Ni, Cd, Pb and Mn in eutrophic lake water 
(CLE-DPCSV) (16). DGT has also been used 
in conjunction with dialysis to study speciation 
of trace metals in lake water (19). 
   The aim of this study was to compare in
situ DGT measurements of trace metals with 
concentrations measured in 1 kDa ultrafi ltered 
water. Both techniques were simultaneously 
applied at two sampling points in the Baltic 
Sea with different salinity and total trace metal 
concentrations (Table 1). Ekhagen is a low-
salinity coastal bay in the vicinity of Stockholm 
and the second point was Landsort, 40 km 
off the Swedish coast in the open Baltic Sea. 
Sampling was performed in Ekhagen 6 times 
in 2003, and 10 times in 2004 in Landsort. 
Sampling periods include the plankton bloom 
when concentrations of especially dissolved Fe 
reach very low levels. This study provides the 
fi rst comparison of these two fundamentally 
different techniques for speciation of trace 
metals. It is also the fi rst study of DGT 
performance in brackish seawater. 

Experimental Methods

Diffusive gradients in thin fi lms (DGT).
Standard piston-type DGT units (20) were used 
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Table 1. Mean values of salinity (‰) and total metal concentrations at Ekhagen and Landsort during sampling 
periods, n=6 for Ekhagen, n=13 for Landsort. Concentrations in mg l-1 for Ca, Mg, K, Na and S, and in g l-1 for Fe, 

Cd, Cu, Mn, Ni and Zn

Salinity Ca Mg K Na S Fe Cd Cu Mn Ni Zn 

Ekhagen 3.3 51.4 110 33.5 896 79.5 32.9 0.0251 2.11 12.3 1.93 3.41

Landsort 6.3 92 223 70.8 1847 161 1.65 0.0209 0.55 1.68 0.69 0.382

throughout this study. The units were prepared 
as described previously (21) with an APA-gel 
(15% acrylamide, 0.3% patented agarose-
derived cross-linker) as a diffusive layer, a 
Chelex 100 resin (Na-form, 200-400 mesh) as 
a binding agent and a 0.22 m cellulose nitrate 
membrane fi lter as a protective outer layer. 
   Calculations were performed as explained 
elsewhere (20). With Fick’s fi rst law of diffusion 
and known diffusion coeffi cient of metal ions 
within the diffusive gel, the concentration of 
metal in the bulk waters can be determined 
from the measured mass of metal accumulated 
in the resin according to Equation 1.

tAD

gM
C

Δ=                                 (1)

C is the concentration of metal in solution, M 
the mass of metal accumulated in the resin, 

g the thickness of  hydrogel and membrane 
fi lter, D the diffusion coeffi cient of the metal 
ion within the gel, A the exposure area and t 
the deployment time. Diffusion coeffi cients 
provided by DGT Research Ltd. (22) were used 
for the average water temperatures calculated 
from in situ temperature measurements every 
second hour during the deployment periods. 
The hydrogel thicknesses were 0.75 ± 0.02 mm 
at Ekhagen and 0.77 ± 0.02 mm at Landsort. 
Membrane fi lter thickness was 0.13 mm for all 
DGT units and exposed diffusion area was 3.14 
cm2. The elution factor was assumed to be 0.8 
for all metals in this study (20). Considering 
the high-energy marine environment, the 
diffusive boundary layer (DBL) was assumed 
to be negligible. 
   The DGT units were assembled under clean 
conditions and stored in clean plastic bags at 
4°C. All equipment was washed in 0.1M HNO

3

and rinsed in MilliQ water prior to use. Powder-
free disposable gloves were worn during all 
handling.

   In Ekhagen the mean amount and the standard 
deviations of the blanks (n = 5) for each element 
were (in ng per disc): 3.87 ± 1.46 for Zn, 1.17 
± 0.77 for Cu, 6.78 ± 0.76 for Fe, 0.35 ± 0.22 
for Mn and 0.12 ± 0.06 for Ni. The percentage 
masses of metal in the blanks compared to the 
amount accumulated in the fi eld devices were 
2% for Zn, 3% for Cu, 8% for Fe and less than 
1% for Mn and Ni. Measured masses in blanks 
from Landsort (n=10) were (in ng per disc): 4.65 
± 2.44 for Zn, 1.51 ± 0.71 for Cu, 0.73 ± 0.37 
for Mn, 0.42 ± 0.30 for Ni and 0.028 ± 0.028 
for Cd. The percentage masses of metal in the 
blanks compared to the amount accumulated in 
the fi eld devices were 10% for Zn, 9% for Cu, 
2% for Cd and 1% for Mn and Ni. The masses 
of trace metals in these control blanks were 
used to correct the masses extracted from the 
devices deployed in the fi eld.

Ultrafi ltration. The ultrafi ltration system used 
in this study was a MilliPore Prep/Scale system. 
Two Prep/Scale Spiral Wound TFF-6 modules 
were used with manufacturer-specifi ed cutoffs 
of 1 and 10 kDa. For both modules the fi lter 
membrane area was 0.54 m2 and the fi lter 
material was regenerated cellulose. A Watson 
Marlow peristaltic base-plate pump was 
connected to the system.
   The sampled water in Ekhagen was pre-
fi ltered through a 0.22 m membrane fi lter 
before ultrafi ltration, starting with the 10 kDa 
fi lter. During the fi ltration, the permeate (<10 
kDa) was collected in an acid-cleaned plastic 
container. Colloidal material (>10 kDa) was 
retained in the retentate. The collected permeate 
(<10 kDa) was fi ltered again, this time through 
the 1 kDa fi lter. Material between 1 and 10 kDa 
was retained in the retentate and the permeate 
was collected in a new container. Samples were 
collected for analysis from 0.22 m, 10 kDa 
and 1 kDa permeate and from10 kDa and 1 
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kDa retentate. At Landsort, permeate from the 
0.22 m membrane fi lter was directly fi ltrated 
through the 1 kDa Prep/Scale module. Samples 
were collected for analysis from 0.22 m and 1 
kDa permeate and from 1 kDa retentate.
   Concentration factors (CF) in Ekhagen were 
between 16 and 24 for the 10 kDa fi lter, and 
between 11 and 14 for the 1 kDa fi lter. Cross-
fl ow ratios (CFR) (retentate fl ow: permeate 
fl ow) were >20 for the 10 kDa fi lter and >80 
for the 1 kDa fi lter. At Landsort, concentration 
factors were between 16 and 22 and cross-fl ow 
ratios >60 for the 1 kDa fi lter.  CF and CFR 
were calculated as described previously (23). 
Mean recoveries for each metal are presented 
in Table 2. 
   Before every new sampling occasion and 
after every fi ltration the fi lters were rinsed with 
MilliQ water and solutions of NaOH and HCl, 
according to a procedure described by Ingri et 
al. (23).

Table 2. Mean recoveries for ultrafi ltration.

Ekhagen (n=6), Landsort (n=13)

Fe Mn Ni Cu Zn Cd

Ekhagen
(10 kDa) 78 88 90 88 89 -

Ekhagen
(1 kDa) 76 91 74 81 66 -
Landsort
(1 kDa) - 96 73 94 73 78

Field work. Ekhagen. The sampling was 
done from a 40m-long wooden pier in the 
Ekhagen Bay. Three replicate DGT devices 
were deployed for approximately 2 weeks in 6 
deployment periods between April 2 and June 
2 2003. The units were suspended with plastic 
rope from a buoy to 4m depth. A StowAway 
TidbiT temperature logger was connected to 
the DGT device to record temperatures every 
second hour during the deployment. The 
recovered DGT units were thoroughly rinsed 
with MilliQ water on the deployment site and 
then placed in clean, airtight plastic bags. On 
every deployment occasion 1-3 DGT units 
were chosen as control blanks. These devices 
were not deployed in the water column.

   On six occasions between March 18 and 
June 2 2003, usually at the start and end of 
the DGT deployments, water was collected at 
the sampling site for membrane fi ltration and 
ultrafi ltration in laboratory. A Flow jet pump 
was used to collect approximately 25 l of water 
from 4m depth in an acid-cleaned polyethene 
(PE) container. The water was immediately 
transported to the laboratory were the fi ltering 
process began within 2h. Unfi ltered water 
samples for direct analysis were also collected 
at the sampling point.

Landsort. All sampling was conducted from 
the research ship M/S Fyrbyggaren. DGT 
units were deployed in duplicate, 10 times, 
for 2 to 4 weeks, over the period March 10 
to September 9 2004. At 5m depth, the DGT 
units were attached to a rope suspended from 
a buoy and stretched out with a plastic-covered 
weight. The buoy was connected to another 
rope anchored at the bottom.  As in Ekhagen, 
temperature loggers were attached to the DGT 
devices. The recovered DGT units were, as in 
Ekhagen, rinsed with MilliQ water and placed 
in plastic bags. On every sampling occasion two 
DGT units were assembled but not immersed 
in the water column. These units were used as 
blanks.
   On 13 occasions between March 10 and 
September 9 2004 water was collected at 
Landsort for fi ltration and unprocessed 
samples. Water was sampled from 5m depth 
in an acid-cleaned polyethene (PE) container 
using a Masterfl ex peristaltic pump. The 
tubing used to collect water was attached to 
a fl agpole which was mounted to the stem of 
the ship. The water was therefore sampled 
approximately 10 meters in front of the ship 
during slow steaming to avoid contamination 
derived from the hull. Filtration with 0.22 m
membrane fi lter was performed on board the 
ship immediately after sampling. The 1 kDa 
ultrafi ltration was conducted in laboratory 
within 24h after sampling.

Analysis. After exposure and transport to 
laboratory, the DGT devices were disassembled 
and the resin gels were eluted in 5 ml of 10% 
HNO

3
 (suprapur). DGT eluents, unfi ltered 

samples, 0.22 m membrane fi ltrate and 
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permeate and retentate from the ultrafi ltration 
were analysed by Inductively Coupled Plasma 
- Mass Spectrometry (ICP-MS).

Results and Discussion

Measurement defi nition. Before the results 
are presented it is important to emphasize the 
basic differences between the measurement 
techniques. DGT measures a fl ux which is 
calculated into an average concentration over 
the deployment period and the discrimination 
of metal species in the gel is based on size 
and lability. A gel pore size of  approximately 
5 nm permits free metal ions, inorganic metal 
complexes and small organic metal complexes 
to diffuse, while particles and large colloids are 
excluded (20, 24). Since the complexes must 
dissociate in the hydrogel to be measured, only 
complexes with suffi cient dissociation rate will 
be retained in the resin (20). Kinetically inert 
species are excluded. 
   The ultrafi ltration is performed in laboratory 
and based on a grab sampling approach. The 
discrimination of metal species by ultrafi ltration 
is based on size. A pore size of 1 kDa equals 
approximately 2 nm. It should be noted that the 
pores of a fi lter with manufacturer-specifi ed 
cutoff of 1 kDa range between ~0.7 and ~1.3 
kDa (7) and also that the cutoff, in daltons, is a 
nominal value and that the real cutoff depends 
on the structure and chemical composition of 
the present metal species (9). Studies with CFF 
ultrafi lters have shown that a manufacturer-
defi ned cutoff of 1 kDa corresponds to a real 
cutoff of 2.1 – 2.5 kDa (7,9). Since a major part 
of seawater colloids are just above 1 kDa in 
size (25) it can be expected that the 1 kDa CFF 
permeate, besides free metal ions, will contain 
different forms of complexes and colloids. The 
ultrafi ltration will, unlike DGT, not discriminate 
inert and immobile complexes.
   The metal concentrations in 1 kDa ultrafi ltered 
permeate are compared with DGT-labile 
concentrations in the two sampling points in 
Figure 1 and 2. DGT results are presented as 
lines refl ecting the deployment period and the 
ultrafi ltered results are shown as points at the 
time of sampling. The error bars represent the 

instrumental deviation for ultrafi ltered results 
and the standard deviation of replicate devices, 
simultaneously deployed, for DGT.     
   Concentrations of Cd are not shown in the 
results from Ekhagen because almost all values 
were below the detection limit for ICP-MS. 
In Landsort, no Fe concentrations are shown, 
since blank values in the DGT devices were 
unreasonably high (~70%) in proportion to 
measured concentrations.

Mn, Zn, Cd. Concentrations of Mn, Zn and 
Cd measured by DGT were similar to the 
concentrations measured in 1 kDa ultrafi ltered 
samples, especially for Mn (Figures 1-2). The 
generally good agreement between the two 
techniques is likely due to the weak tendency 
of these metals to form organic complexes. Mn 
seems to exist predominantly in particulate 
fractions or in truly dissolved species in 
Ekhagen (6). Munksgaard and Parry (15) found 
that almost 100% of the dissolved Cd is labile 
in estuarine waters. The agreement between the 
two techniques is not as evident for Zn as for 
Mn and Cd. Studies have shown that Zn can be 
strongly bound in small non-labile complexes 
(16). The measured concentrations of Zn in 
ultrafi ltered water from Landsort were close 
to the detection limit for some samples, which 
must be taken into consideration.

Cu, Ni. For Cu and Ni the ultrafi ltered 
concentrations clearly exceeded the DGT-labile 
concentrations (Figures 1 and 2). This indicates 
the existence of low molecular weight Cu and 
Ni species, small enough to pass through the 
1 kDa ultrafi lter but not labile enough to be 
retained in the DGT units. As much as 50% 
of the Cu in seawater may be kinetically inert 
(26). A substantial complexation by organic 
substances has been found for Cu and Ni in 
seawater (17,27-29). Ingri et al. (6) found 
that 35% of the Ni <0.22 m and 54% of the 
Cu <0.22 m in Ekhagen was in colloidal 
forms. The organic complexes have diffusion 
coeffi cients substantially lower than free metal 
ions (30). Since diffusion coeffi cients for free 
ions are used in this study, the DGT-labile 
concentrations are probably underestimated, 
contributing to the difference in concentrations 
measured by the two methods.
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Fe. Fe measured in ultrafi ltered water was in the 
same concentration range as DGT-labile Fe, but 
did not follow the same temporal pattern (Figure 
1). In waters with physicochemical conditions 
like Ekhagen, Fe can be expected to exist 
predominantly in colloids and particles (31). In 
addition, sampling was done during the bloom, 
when uptake by plankton of bioavailable Fe is 
expected. This ends up in very low measurable 
concentrations close to the detection limit, 
especially in ultrafi ltered samples, which must 
be considered when interpreting the results.

DBL and Biofouling. For all metals at Ekhagen, 
except for Fe, concentrations measured in 
ultrafi ltered samples were higher compared 
with DGT-labile concentrations. Unlike the 
Landsort samples, this is seen even for Mn and 
Zn in Ekhagen. This could be explained by the 
presence of a diffusive boundary layer (DBL) on 
the surface of the diffusive windows. The DBL 
would increase the thickness of the diffusive 
layer and result in an underestimation of the 

Figure 1. Concentrations of Mn, Zn, Cu, Ni and Fe in Ekhagen measured by DGT and ultrafi ltration.

DGT-labile concentration. Light biofouling has 
been seen for some of the DGT-units at Ekhagen, 
which also would result in an underestimation 
of the DGT-labile concentration. In this study 
we have assumed no infl uence of biofouling 
and a negligible DBL and might therefore be 
presenting underestimates of the DGT-labile 
metal levels. Since only one diffusive layer 
thickness was used, no DBL could be calculated. 
Webb and Keough (32) found a substantial 
effect of biofouling on DGT performance, while 
another study found no impact on the operation 
of DGT through fouling with suspended 
particulate matter (15).

General assessment. Both methods have 
strengths and weaknesses. Biofouling, 
mentioned above, is one of the drawbacks 
for DGT, especially during long-term 
exposures. DGT measures a time-integrated 
average concentration, while the ultrafi ltrated 
concentrations are based on a single grab sample. 
The ultrafi ltered concentrations can therefore 
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be non-representative for a period of time. 
On the other hand, if the results are supposed 
to be compared to unfi ltered grab samples or 
membrane fi ltrates, the ultrafi ltration might 
render a more direct comparison. A comparison 
with DGT demands a composite sample 
comprised of several grab samples collected 
during the DGT deployment period. This 
was addressed in a study by Dunn et al. (13). 
The importance of speciation change during 
transport and storage has been shown in earlier 
work (12,19) and a change in metal speciation, 
during the time between sampling and fi ltration, 
cannot be ruled out for water collected for 
ultrafi ltration in this study. The time and 
money saving factor using DGT is important, 
especially when sampling are conducted over 
prolonged time periods. In waters with very 
low metal concentrations, where analysis of 
ultrafi ltration permeate results in values below 
detection limits, DGT is useful because of the 
pre-concentration capability.

Figure 2. Concentrations of Mn, Zn, Cu, Ni and Cd in Landsort measured by DGT and ultrafi ltration.

    As an alternative to 1 kDa ultrafi ltration, DGT 
can be used for measurement of labile Mn, Zn and 
Cd in the Baltic Sea. Fe concentrations were low 
and analysis of ultrafi ltered permeate often were 
below or close to detection limits. Problems with 
high levels of Fe in the blank DGT units in relation 
to deployed units can be prevented by increasing 
the deployment time. DGT, with its accumulating 
capacity, may be a favourable alternative for 
measurements of labile Fe.
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Abstract

Four metal speciation techniques; DGT, 1 kDa ultrafi ltration, 0.22 m membrane fi ltration and 
aquatic moss, were simultaneously applied in a small freshwater stream in northern Sweden to 
investigate differences and similarities between the methods regarding trace metal speciation and 
how they depend on geochemical water properties. Piston-type DGT units prepared with APA-
gel as diffusive layer and  Chelex 100 resin (Na-form) as binding agent were used throughout 
the study. The ultrafi ltration was performed with a Millipore Prep/Scale Spiral Wound TFF-6 
module with a manufacturer-specifi ed cutoff of 1 kDa. The membrane fi lters used were Millipore 
nitrocellulose fi lters with a diameter of 142 mm and a pore size of 0.22 m. The aquatic moss 
Fontinalis Antipyretica L. ex Hedw. was used in this study. Shoots from the moss were collected 
in a non-polluted brook with a native moss population, and transported to the sampling site for 
exposure. It was shown that 0.22 m membrane fi ltration, 1 kDa ultrafi ltration and DGT generally 
measured different metal fractions where <1 kDa ultrafi ltered concentrations were lower than DGT 
labile concentrations which in turn were lower than <0.22 m concentrations. Strong correlations 
between DGT and <1 kDa permeate for Al, Cu, Cd, Co and Zn imply that DGT can be a simple 
alternative to the complicated and time-consuming ultrafi ltration procedure. The concentration 
differences found between DGT and <1 kDa permeate indicates the occurrence of labile colloids 
discriminated by ultrafi ltration. A more restricted diffusion gel may reduce the difference. Despite 
a rigorous sample cleaning, retention of particulate matter on the moss samples was revealed by a 
signifi cant correlation between metal concentrations in moss and particulate Fe. Generally, elevated 
trace metal concentrations were found in moss exposed at the sampling site compared to reference 
moss from the non-polluted brook. No signifi cant correlations were found between DGT-labile 
concentrations and moss concentrations. 
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Introduction

Knowledge of aqueous metal speciation is 
essential to studies of metal toxicity and 
mobility. The bioavailability of metals depends 
not simply on total concentrations but on the 
activities of the metal ions and their complexes, 
and on the concentration of labile metal species 
in solution (1,2). Therefore, there is a need for 
reliable methods that enable measurements 
of specifi c fractions of metals in aqueous 
environments.
   Ultrafi ltration has frequently been used to 
study speciation of metals in natural waters (e.g., 
3,4), and various evaluations of ultrafi ltration 
techniques have been performed (5,6). Some 
disadvantages are, however, associated with 
ultrafi ltration. The procedure is complicated 
and demands a rigorous handling protocol 
for satisfying results. The laboratory-based 
fi ltration process implies sampling and storage 
of water, which may trigger aggregation and 
oxidation of metals and result in a change in 
metal speciation (7-9). Since ultrafi ltration is 
based on grab samples, extensive sampling is 
necessary if correct temporal variations are 
to be measured (10). A very time-consuming 
procedure and relatively expensive materials 
are additional drawbacks.
   Diffusive gradients in thin fi lms (DGT), 
introduced by Davison and Zhang (11), has 
been used for trace metal speciation in natural 
waters (e.g., 12,13) and provides an in situ 
measurement of labile metal species (14). The 
method has been proposed as a possible method 
to measure the bioavailable fraction in aquatic 
systems (10,13). DGT accumulates metals 
in proportion to time and produces a mean 
concentration over the chosen deployment 
period. In several studies, DGT has been 
compared to other speciation methods. It has 
been used together with membrane fi ltration 
in estuarine waters (10) and compared to 
membrane fi ltration together with competitive 
ligand exchange followed by voltammetric 
measurements (15-17). DGT has also been 
used in conjunction with dialysis to study 
speciation of trace metals in lake water (18). 
The method has emerged as an interesting 
alternative or complement to ultrafi ltration. 

The in situ measurement prevents problems 
with speciation changes associated with 
sampling and storage and DGT is also cheap, 
time-saving and easy to use. 
   The relatively common occurrence of aquatic 
bryophytes and their ability to accumulate 
metals have led to an extensive use of 
bryophytes as bioindicators in monitoring of 
aquatic environments (19,20). For waters where 
no native species can be used as bioindicator, 
transplant techniques have been developed 
(21). The aquatic moss Fontinalis Antipyretica
is one of the most commonly used species 
for transplant purposes and has been widely 
used in monitoring of metals in fresh waters 
(22,23). A comparison of metal uptake in moss 
and the metal speciation in the ambient water is 
interesting for evaluating the relation between 
metal concentrations in moss and water. 
   The aim of this study was to investigate 
differences and similarities between four 
trace metal speciation methods; DGT, 1 kDa 
ultrafi ltration, 0.22 m membrane fi ltration and 
transplanted aquatic moss, and to examine their 
dependence on water geochemistry. The ability 
to characterize the distribution of metal species 
by a simultaneous deployment of the methods 
was investigated, and the possible capability 
of DGT to measure the bioavailable fraction 
of metals was explored. DGT as a possible 
alternative to ultrafi ltration is also evaluated. 
The techniques were simultaneously applied in 
a small freshwater stream in northern Sweden 
with relatively high trace metal concentrations. 
The sampling was conducted 10 times over a 
whole ice-free period. 

Methods and materials

Study area. The study was performed in the 
small stream Gråbergsbäcken draining the 
tailings area of the abandoned Cu mine Laver in 
northern Sweden (Figure 1). The sampling point 
is situated downstream a clarifi cation pond and 
a mire area. The trace metal geochemistry in 
the water is mainly characterized by elevated 
concentrations of Cu and Zn (24).
   The aquatic moss used in Gråbergsbäcken 
was collected in the small brook Riskölbäcken 
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Figure 1. Location of the sampling point in Laver

approximately 60 km from the Laver mine site. 
This is a non-polluted water running through 
a forest area. Metal concentrations in moss in 
Riskölbäcken were low during the sampling 
period.

Diffusive gradients in thin fi lms (DGT).
Standard piston-type DGT units obtained from 
DGT Research Ltd (25) were used throughout 
this study. The units comprised an APA-gel as 
diffusive layer, a Chelex 100 resin (Na-form) 
as a binding agent and a 0.22 m cellulose 
nitrate membrane fi lter as a protective outer 
layer.                   
   With Fick’s fi rst law of diffusion and known 
diffusion coeffi cient of metal ions within the 
diffusive gel, the concentrations of metals in 
the bulk water can be determined from the 
measured mass of metal accumulated in the 
resin according to Equation 1.

tAD

gM
C

Δ=     (1)

C is the concentration of metal in solution, M the 
mass of metal accumulated in the resin, g the 
thickness of  hydrogel and membrane fi lter, D 
the diffusion coeffi cient of the metal ion within 
the gel, A the exposure area and t the deployment 
time. Calculations were performed as explained 
in detail elsewhere (14). Diffusion coeffi cients 
provided by DGT Research Ltd. (25) were used 

for the average water temperatures calculated 
from in situ temperature measurements every 
second hour during the deployment periods. 
The hydrogel thickness was 0.77 mm and the 
membrane fi lter thickness was 0.13 mm for all 
DGT units. Exposed diffusion area was 3.14 
cm2. The elution factor was assumed to be 0.8 
for all metals in this study (14). Considering 
an average fl ow velocity of 0.4 m s-1 in the 
stream, the diffusive boundary layer (DBL) 
was assumed to be negligible. 

Ultrafi ltration. The ultrafi ltration system used 
in this study was a MilliPore Prep/Scale system. 
A Prep/Scale Spiral Wound TFF-6 module was 
used with manufacturer-specifi ed cutoff of 1 
kDa. The fi lter membrane area was 0.54 m2 and 
the fi lter material was regenerated cellulose. A 
peristaltic base-plate pump was connected to 
the system.
   The water sampled for ultrafi ltration was pre-
fi ltered in fi eld through a 70 m fi lter. During 
ultrafi ltration, the permeate (<1 kDa) was 
collected in an acid-cleaned plastic container. 
Fractions >1 kDa were retained in the retentate. 
Samples were collected for analysis from 70 m
and 1 kDa permeate and from 1 kDa retentate. 
Concentration factors (CF) were around 7 
and a Cross-fl ow ratio (CFR) (retentate fl ow: 
permeate fl ow) of 15 was used throughout the 
study. A detailed description of the ultrafi ltration 
procedure is presented by Dahlqvist et al. (4). 
CF and CFR were calculated as described 
previously (26). Mean recoveries were (%) 69, 
79, 78, 88, 66, 93, 83 and 86 for Fe, Al, Cd, Co, 
Cu, Mn, Ni and Zn, respectively. 
   After each fi ltration the fi lter was rinsed with 
MilliQ water and solutions of NaOH and HCl 
according to a procedure described by Ingri et 
al. (26). 

Membrane fi ltration. Water was fi ltered in fi eld 
through a 0.22 m pore-size membrane fi lter 
(nitrocellulose, Millipore) mounted in a 142 
mm Geotech polycarbonate fi lter holder. Water 
was brought to the fi lter holder using plastic 
polyamide tubing connected to a peristaltic 
pump. Approximately 0.5 litres of water was 
passed through the fi lter before fi ltrate was 
collected, on line, in an acid-washed 125 ml 
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plastic bottle and stored at 4°C before analysis. 
The fi lters were folded, placed in acid-washed 
Petri dishes and frozen until analysis. Prior to 
use, fi lters were acid-cleaned in 5% acetic acid 
for at least 3 days and thereafter thoroughly 
rinsed in MilliQ water. Blanks were collected 
for analysis. The fi lter holder and tubing were 
acid-cleaned before every sampling in 5% 
HNO

3
 for approximately 48 h and then rinsed 

in MilliQ water.

Aquatic moss. The aquatic moss Fontinalis
Antipyretica L. ex Hedw. was used in this 
study. Shoots from the moss were collected 
from Riskölbäcken and transported to 
Gråbergsbäcken for exposure. Approximately 
20 g of moss was collected on every sampling 
occasion, washed thoroughly in the stream 
water and placed in to two nylon bags with a 
mesh size of 1 mm. Stream water was collected 
in an acid-washed container in which the moss 
bags were immersed and then transported 
to the Gråbergsbäcken stream. The time 
period between collection and exposure to 
Gråbergsbäcken stream water was 2-3 h. 
   After 14-22 days in Gråbergsbäcken the moss 
bags were retrieved, rinsed in stream water and 
sealed in clean plastic bags. The bags were 
transported to laboratory in an ice-box and 
the preparation of the moss for analysis was 
commenced within 5 hours after retrieval. A 
preparation procedure similar to the one used 
by Say et al. (19) was used in this study. The 
shoots of moss were removed from the mesh 
bags and washed thoroughly in MilliQ water. 
Thereafter, the moss was placed on absorbent 
paper to remove any excess of water before 2- 
cm tips of the shoots were cut of and placed in 
100 ml plastic containers. Approximately 5 g 
of moss was placed in every container and then 
frozen until analysis.

Fieldwork. Sampling in Gråbergsbäcken 
was performed 7 times between June 16 and 
November 3 2004 and 3 times between May 18 
and June 29 2005. 0.22 m membrane fi ltration 
was conducted on every sampling occasion. 
Approximately 20 l of water was collected in 
an acid-cleaned polyethene (PE) container for 
ultrafi ltration in the laboratory, which started 
within 4 h after sampling. 

Buoy

DGT-units

Temperature
logger

Moss bags

Anchor

Bottom

Water surface

Figure 2. DGT and moss sampling set-up in the stream.

   Two DGT devices and two moss bags were 
deployed every sampling occasion and left 
in the water until the next time of sampling. 
The deployment periods were between 14 and 
22 days. The DGT units and moss bags were 
attached to a plastic rope anchored to the bottom 
and stretched to the surface by a buoy (Figure 2). 
A StowAway TidbiT temperature logger was 
connected to the rope to record temperatures 
every second hour during the deployment. The 
water depth varied between 0.5 m and 1.5 m. 
After retrieval the DGT units were thoroughly 
rinsed with MilliQ water on the deployment site 
and then placed in clean, airtight plastic bags. 
The moss bags were rinsed in stream water and 
sealed in clean plastic bags. 4 DGT control 
blanks were chosen during the whole sampling 
period and were not deployed before analysis. 
Reference moss material from Riskölbäcken 
was also analysed without deployment in 
Gråbäcken.

   Water for DOC analysis was fi ltered through 
a 0.8 m Whatman glass microfi bre fi lter 
mounted in a steel fi lter holder. 14 ml of fi ltrate 
was collected in a plastic tube together with 0.2 
ml of 2M HCl and stored at 4°C until analysis. 
DOC samples were not collected during 2005.
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   Conductivity and pH were monitored during 
sampling with a Hydrolab MiniSonde. The 
sonde was calibrated before each sampling. 
The water fl ow was measured by timing a 
small bottle, fi lled with water, fl oating with 
the stream a known distance (10m) in a part of 
the stream with known cross-section area. The 
procedure was performed 3 times in succession 
to ensure a reliable value.

Analysis. DGT devices were disassembled 
in a clean laboratory environment and the 
resin gels were eluted in 5 ml of 10% HNO

3

(suprapur). DGT eluents, 0.22 m fi ltrate and 
permeate and retentate from the ultrafi ltration 
were analysed by Inductively Coupled 
Plasma – Sector Field Mass Spectrometry 
(ICP-SFMS) or Inductively Coupled Plasma 
– Atomic Emission Spectroscopy (ICP-AES). 
1 ml HNO

3
 (suprapur) per 100 ml water was 

added to all water samples prior analysis. For 
analysis of particulate Cd, Co, Cu, Mn, Ni 
and Zn, the 0.22 m membrane fi lters were 
digested in a microwave oven with HNO

3
 and 

H
2
O

2
 in closed Tefl on containers and analysed 

with ICP-SFMS. For particulate Fe and Al, the 
fi lters were placed in Pt crucibles, digested in a 
regular oven at 1000°C and analysed with ICP-
AES.  Moss samples were dried at 105°C and 
digested in a microwave oven with HNO

3
 and 

H
2
O

2
 in closed Tefl on containers. The digests 

were analysed with ICP-AES or ICP-SFMS. 
The DOC samples were analysed by high-
temperature combustion using a Shimadzu 
TOC-5000.

Results

Conductivity, pH, DOC, temperature and 
discharge in Gråbergsbäcken are presented in 
Figure 3. A well functioning sonde was not 
available on May 30 2005. The fi rst two sonde 
values and the fi rst three discharge values are 
from spring 2005 and the rest from summer 
and autumn 2004.
   Concentrations of trace metals in <0.22 m
fi ltrate, >0.22 m substrate, <1 kDa permeate 
and DGT-labile fractions are presented in 
Figures 4 and 5 together with the concentrations 
in aquatic moss. DGT results are presented as 
lines refl ecting the deployment period and the 

error bars represent the concentration range 
between replicate devices simultaneously 
deployed. Results from ultrafi ltration and 
membrane fi ltration are presented as points at 
the time of sampling. No error bars are shown, 
since the points represents single samples. The 
concentrations in aquatic moss are presented 
as points at the end of the deployment period 
and the error bars represent the concentration 
range between two simultaneously deployed 
moss bags. The fi rst 3 values in the diagrams 
are results from spring 2005 and the rest from 
summer and autumn 2004.
   Membrane fi ltered (<0.22 m) concentrations 
exceeded concentrations measured in 1 kDa 
permeate for all metals. The 1 kDa permeate 
concentration as a part (in percent) of the <0.22 

m fraction, for all measurements, was 4 ± 4% 
for Fe, 9 ± 2% for Al, 9 ± 3% for Cu, 68 ± 4% 
for Mn, 48 ± 5% for Cd, 59 ± 4% for Co, 54 ± 
5% for Zn and 44 ± 6% for Ni. Concentrations 
in <0.22 m fi ltrate demonstrated signifi cant 
correlations ( =0.005) with measurements 
in 1 kDa permeate for all metals except Fe, 
as indicated by the relation between the two 
methods seen in fi gure 4 and 5.  
    DGT-labile concentrations for all metals 
except Mn exceeded concentrations measured 
in 1 kDa permeate. The <1kDa fraction as 
part of the DGT-labile concentration, for all 
measurements, was 16 ± 10% for Fe, 44 ± 16% 
for Al, 27 ± 10% for Cu, 56 ± 12% for Cd, 92 
± 23% for Co, 61 ± 11% for Zn and 51 ± 13% 
for Ni. The DGT-labile Mn was 35 ± 18% of 
the <1 kDa Mn. Between 1 kDa permeate and 
DGT signifi cant correlations ( =0.005) were 
found for Al, Cu, Cd, Co and Zn.
   Concentrations in 0.22 m fi ltrate were higher 
than the concentrations measured with DGT for 
Fe, Al, Cu, Mn and Co throughout the study, but 
the concentrations levels were similar in spring 
and late autumn for Zn, Cd and Ni (Figure 4 
and 5). The DGT-labile fraction as a part (%) of 
the <0.22 m concentration for Fe, Al, Cu, Mn 
and Co was 22 ± 11%, 23 ± 8%, 36 ± 8%, 24 ± 
13% and 69 ± 16%, respectively. 
   RSD for duplicate DGT devices presented 
as mean values of the whole data set (n=10) 
were as follows: 16% for Mn, 10% for Al, 8% 
for Fe, 4% for Zn, Cd and Co and 3% for Cu 
and Ni.
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Figure 3. DOC, pH, conductivity and discharge in Gråbergsbäcken.
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Figure 4. Concentrations of Fe, Mn, Al and Cu in Gråbergsbäcken, in <0.22 m fi ltrate (   ), >0.22 m substrate (   ), 
<1 kDa permeate (   ), DGT-labile fractions (    ) and aquatic moss (   ). The fi rst three values are from spring 2005 
and the rest from summer and autumn 2004. 
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Figure 5. Concentrations of Zn, Cd, Co and Ni in Gråbergsbäcken, in <0.22 m fi ltrate (   ), >0.22 m substrate (   ), 
<1 kDa permeate (   ), DGT-labile fractions (     ) and aquatic moss (    ). The fi rst three values are from spring 2005 
and the rest from summer and autumn 2004. 

Table 1. Mean and standard deviation for concentrations 
(mg/kg dw) in reference moss from Riskölbäcken (n=5) 

and moss exposed in Gråbergsbäcken (n=10)

Riskölbäcken Gråbergsbäcken

mean SD mean SD

Fe 8818 4163 16279 7584
Al 393 95 887 222
Mn 284 147 523 533
Cu 7.6 1.24 460 293
Cd 0.111 0.014 1.48 1.35
Co 1.22 0.53 3.65 2.76
Ni 0.9 0.29 3.34 2.86
Zn 31.3 5.7 212 41.4

    Mean metal concentrations in reference 
moss and moss exposed in Gråbergsbäcken are 
presented in Table 1. Signifi cant correlations 
were not found between metal concentrations 
in moss and any of the results from water 
samples except for the correlation between Fe 
in the particulate fraction and Fe in moss (r 
= 0.78, p <0.005) (Figure 6). RSD ranges for 
duplicate moss bags presented as mean values 
of the whole data set (n=9) were: 14% for Mn, 
13% for Co, 10% for Fe, 8% for Cd, 6% for Al 
and Zn and 4% for Cu and Ni.
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Discussion

It is important to emphasize the basic differences 
between the measurement techniques and 
the fractions of metals they are expected 
to measure. DGT measures a fl ux which is 
calculated into an average concentration over 
the deployment period. The discrimination of 
metal species in the gel is based on size and 
lability. A gel pore size of  approximately 5 
nm permits free metal ions, inorganic metal 
complexes and small organic metal complexes 
to diffuse, while particles and large colloids are 
excluded (14,27). Since the complexes must 
dissociate in the hydrogel to be measured, only 
complexes with suffi cient dissociation rate will 
be retained in the resin (14). Kinetically inert 
species are excluded. 
   The ultrafi ltration is performed in laboratory 
and based on a grab sampling approach. The 
discrimination of metal species by ultrafi ltration 
is based on size. A pore size of 1 kDa equals 
approximately 2 nm. It should be noted that the 
pores of a fi lter with manufacturer-specifi ed 
cutoff of 1 kDa range between ~0.7 and ~1.3 
kDa (6), and also that the cutoff, in daltons, is a 
nominal value and that the real cutoff depends 
on the structure and chemical composition 
of the present metal species (5). Studies of 
ultrafi lters have shown that a manufacturer-
defi ned cutoff of 1 kDa corresponds to a real 
cutoff of 2.1 – 2.5 kDa (5,6). The ultrafi ltration 
will, unlike DGT, not discriminate inert and 
immobile complexes.
   Membrane fi ltration is, like ultrafi ltration, 
based on a grab sampling approach and 
measures instantaneous metal concentrations 
discriminated only by size. The <0.22 m

Figure 6. Concentrations of Fe in particulate fraction (    ) and in aquatic moss (    ) in Gråbergsbäcken.
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fi ltration procedure used in this study were 
performed directly in the fi eld. A 0.22 m
fi ltrate is expected to contain all metal species 
except the particulate fraction. Large colloids 
discriminated by DGT and 1 kDa will therefore 
be included in the <0.22 m fi ltrate. 
   Aquatic mosses accumulate metals in a time-
integrated way and reach an equilibrium related 
to the metal concentration in the surrounding 
water (28). The uptake of metals can be divided 
into two main phases based on the cellular 
compartment in which the metal accumulates; 
extracellular followed by intracellular uptake 
(29). Extracellular uptake is dominated by 
exchange adsorption to the cell walls. This is 
a rapid uptake (minutes to a few hours) and 
the metals are readily exchangeable if the 
concentration levels in the water change. The 
intracellular uptake is a slow accumulation 
(hours to several weeks) within the cells and 
the metal concentrations in this compartment 
are not as greatly affected by a change in the 
surrounding water concentrations. Retention 
of particulate metals or precipitation of metal 
oxides to the surface of the plant may also 
contribute to the measured concentration 
(30). If metal concentrations in the water 
decrease, the moss re-equilibrates to the new 
levels. This release rate is, however, slower 
than the uptake rate (28). The accumulation 
in the moss is affected by several factors 
including temperature, light intensity and 
physicochemical water parameters. 
   The snowmelt in May and two rain periods, 
especially in July but also in September, are 
visualized by the discharge in Figure 3. If 
the specifi c conductivity and DOC levels are 
compared, two types of waters are indicated 
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in the stream: one water type with high 
conductivity and low DOC, likely dominated 
by a groundwater source, and a second water 
type with low conductivity and high DOC, 
which suggests surface runoff as major source. 
During dry periods with low discharge, the 
groundwater source seems to dominate, 
while increased discharge, after rain fall, 
results in surface runoff. A delay is, however, 
seen where the increased discharge in the 
beginning of July and in September seems to 
contain groundwater with low DOC and high 
conductivity, especially in September. The 
initial groundwater is followed by a high DOC 
and low conductivity surface water. This pattern 
was also found by Ljungberg (31) during a 
sampling in Gråbergsbäcken in 1993. If the 
topsoil is unsaturated with water, precipitation 
will infi ltrate the soil and force out deeper 
groundwater into the stream. When the topsoil 
is saturated a surface runoff will start to dilute 
the stream water. If the topsoil is substantially 
unsaturated, as during a dry summer period, 
the delay is likely more pronounced. The 
discharge increase in September, after a dry 
period in August, clearly shows a groundwater 
dominated discharge peak followed by 
surface water dilution with increased DOC 
and decreasing conductivity. The substantial 
dilution of the stream water by surface runoff in 
July seems to decline gradually during August 
and groundwater becomes the main source.
   Highly signifi cant correlations were found for 
all metals except Fe between concentrations in 
<0.22 m fi ltrate and <1 kDa permeate and the 
differences in concentration levels between the 
methods were almost constant throughout the 
study. This suggests an almost constant amount 
of colloidal matter in the Gråbergsbäcken 
stream, not dependent on total concentration 
levels, type of water discharged, or time of 
year. Low recoveries for the ultrafi ltration 
regarding Fe must be noted. Within the pool 
of colloids, substantial changes during the 
sampling periods can be seen regarding size 
distribution and lability. The concentrations 
in <0.22 m fi ltrates were higher than DGT 
labile concentrations for Fe, Al, Cu, Mn and 
Co, suggesting that a fraction of these metals 
is bound in non-labile or large colloids not 

measured by DGT. These are most likely Fe- 
and Al-oxyhydroxides precipitating when acid 
drainage from the Laver mine is diluted and 
pH increases (24). For Zn, Cd and Ni similar 
concentrations were measured with the two 
methods in spring and late autumn, while the 
<0.22 m concentrations were higher than DGT 
during the summer. This suggests that the great 
discharge increase in July, caused by surface 
runoff, generated a fraction of non-labile or 
large colloids not measured by the DGT.  This 
colloidal fraction may have been transferred to 
the stream from the topsoil by the surface runoff. 
It may also originate from sediment material, 
stirred up from the stream bed. The discharge 
increase in September was not as great as in 
July, which probably prevented the above-
mentioned colloidal fraction from reaching 
the free waters of the stream. This resulted 
in similar DGT and <0.22 m concentrations 
for Zn, Cd and Ni in the autumn, although, 
surface water was dominating in the stream.
     A comparison between DGT-labile concen-
trations and concentrations in <1kDa permeate 
is interesting, since these are two fundamentally 
different methods of measuring the same species 
of metals. DGT might therefore be a simpler 
and cheaper substitute for ultrafi ltration. A 
systematic difference was, however, found 
were DGT values exceeded those in <1kDa 
permeate. This could be explained by a fraction 
of metals too large to pass the ultrafi lter but 
labile enough to be measured by the DGT. A 
standard diffusive gel (pore size >5 nm) was 
used in this study. A use of more restricted 
gels (pore size <1 nm) (27) would likely 
reduce the difference. A retention of dissolved 
major cations by the ultrafi lter, causing an 
underestimation of the permeate concentration, 
has previously been reported (32,33). This 
may be a possible scenario for trace metals as 
well, and must be borne in mind when <1 kDa 
concentrations are considered in this study. The 
signifi cant correlations presented in this study 
between DGT and <1 kDa concentrations, and 
the possibility to use a restricted hydrogel, 
make DGT highly interesting as a substitute 
for 1 kDa ultrafi ltration for determination of 
dissolved metal concentrations. 
   For Mn, DGT-labile concentrations 



10

were substantially lower than ultrafi ltered 
concentrations, suggesting the existence of 
Mn species small enough to pass the ultrafi lter 
but not labile enough to be measured by DGT. 
This pattern is, however, seen for Mn only and 
cannot be explained to a satisfying extent.
   To compare a biomonitoring tool like metal 
concentrations in aquatic moss with different 
metal speciation methods in water is interesting 
because both are used to assess environmental 
conditions in waters. DGT has been proposed as 
a possible method of measuring the bioavailable 
fraction in aquatic systems (10,13), and 
measures, like aquatic moss, a time-integrated 
concentration representing an average 
concentration level over the deployment period. 
No signifi cant correlations were, however, 
found between moss and any of the speciation 
methods used, except for the relationship 
found between Fe in moss and particulate 
Fe, which suggests a substantial retention of 
Fe-rich particles on the surface of the plants. 
Bruns et al. (34) found inorganic precipitates 
of Fe, Al, Mn, Zn and Cu on leaf surfaces of 
Fontinalis antipyretica. A particle coating will 
likely have an effect on cellular uptake and on 
the retention of other particle-bound metals 
and may render erroneous results when total 
concentrations in the moss are considered. 
Additional contribution of particulate metal, 
retained in Riskölbäcken, cannot be ruled out. 
An isolation of the intracellular metals using 
a sequential elution procedure (35) could 
provide more accurate and comparable results. 
Even though no signifi cant correlations were 
found between moss and water concentrations 
for other metals than Fe, some patterns are 
worth mentioning. High concentrations of Mn 
and Co in spring and high concentrations of 
Cd, Ni and Co in late autumn in water samples 
are refl ected in the moss. Moss samples also 
refl ect high concentrations of Al and Cu in 
water samples in July during high discharge. 
Al concentrations in moss seem to follow the 
DOC levels. This implies that the dominating 
Al species refl ected in moss samples are 
organically bound Al. 
   Even if no signifi cant correlations were found, 
a comparison of the overall concentration levels 
is interesting, since both metal concentrations 

in water and total concentrations in moss are 
used by organizations such as the Swedish 
Environmental Protection Agency to monitor 
toxicological metal levels in aquatic systems. 
Five threshold levels are used for metal 
concentrations: very low, low, moderately high, 
high and very high. The levels are based on either 
toxicological effects on biota or on statistics 
from extensive measurements throughout 
the country (36). Metals considered here are 
Cu, Zn, Cd, Co and Ni. Of 10 measurements 
carried out in the Gråbäcken stream, seven 
<0.22 m Cu samples were considered high 
and three very high. This was refl ected in two 
high and eight very high Cu concentrations in 
the moss. Eight DGT-labile Cu concentrations 
were considered high. Nine Zn levels, eight 
Cd levels and all 10 of the Co levels in <0.22 

m samples were high. No water samples of 
Zn, Cd and Co were found over the very high 
threshold. These results were not refl ected in 
the moss samples where no concentration of Zn 
or Co and only one Cd sample were considered 
high. All Zn levels, fi ve Cd levels and nine Co 
levels measured with DGT were addressed 
as high. Low concentrations of Ni in water 
samples were refl ected in low concentrations in 
moss. The results clearly show the complexity 
in evaluating toxicity of metals in water. The 
moss seems to be a coarser method, only 
refl ecting very high metal concentrations in the 
water, as for Cu. The greater abundance of Cu 
in particles compared to Zn, Cd and Co could 
also be a signifi cant factor here. 

Conclusions

In this study, it was shown that 0.22 m
membrane fi ltration, 1 kDa ultrafi ltration 
and DGT generally measure different 
metal fractions, where <1 kDa ultrafi ltered 
concentrations were lower than DGT-labile 
concentrations, which in turn were lower than 
<0.22 m concentrations. This is according to 
theory, where 1 kDa ultrafi ltration is expected 
to measure free metal ions and very small 
colloids, while DGT is expected to measure 
free metal ions and small inorganic and organic 
labile colloids.



11

   This fi rst comparison of DGT and 1 kDa 
ultrafi ltration regarding trace metals in 
freshwater implies that DGT can be a simple 
alternative to a complicated and time-
consuming ultrafi ltration procedure. The 
concentration differences can likely be reduced 
by using a restricted diffusion gel, but this has 
to be evaluated.
   A complexity in interpretation of metal 
uptake in aquatic moss was experienced in 
this study. A thorough cleaning process of the 
moss did not prevent an infl uence of Fe-rich 
particles bound to the surface of the plant. 
Very high concentration levels of Cu found in 
water samples in Gråbäcken were refl ected in 
samples of moss, but the high concentrations 
of Zn, Cd and Co in water samples were not 
refl ected in moss samples. Generally, elevated 
concentrations were found in moss exposed in 
Gråbergsbäcken compared to reference moss 
from Riskölbäcken.
   No signifi cant correlations were found 
between DGT-labile concentrations and 
moss concentrations. From this comparison, 
no conclusions can be drawn regarding the 
capability of DGT to measure the bioavailable 
metal fraction in water. 
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