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ABSTRACT

Since the toxicity and mobility of trace metals are related to the metals’ speciation, robust 
methods for trace metal speciation analysis are of great interest. During the last 15 years, 
hundreds of scientific articles have been published on the development and applications of the 
diffusive gradients in thin films (DGT) passive sampling technique.   

In this work the commercially available DGT containing ferrihydrite adsorbent, used for 
determination of phosphate and inorganic arsenic, was characterised with respect to anionic 
molybdate, antimonate, vanadate and tungstate determination. Tests were performed in the 
laboratory as well as in the field. Diffusion coefficients were determined for the anions using 
two different methods with good agreement. Simultaneous measurements of arsenate were 
conducted as quality control to facilitate comparison of the performance with previous work. 
The ferrihydrite-backed DGT was concluded useful for application over the pH-range 4 to 10 
for vanadate and tungstate, and 4 to <8 for molybdate and antimonate. At pH values �8, 
deteriorating adsorption was observed. 

The combination of a restricted pore (RP) version of DGT and the normal open pore (OP) 
DGT was used for speciation of copper and nickel at three brackish water stations with 
different salinities in the Baltic Sea. Time series and depth profiles were taken, and 
complementary membrane- (<0.22 �m) and ultrafiltration (<1 kDa) was conducted. 
Comparing DGT and ultrafiltration measurements indicated that copper and nickel were 
complexed. Due to small differences in results between the OP and RP DGTs it was 
suggested that the complexes were smaller than the pore size of the RP gel (~1 nm) resulting 
in that both DGTs accumulating essentially the same fraction. Further, there seemed to be a 
trend in copper speciation indicating higher degree of strong complexation with increasing 
salinity. The low salinity stations are more affected by fluvial inputs which will likely affect 
the nature and composition of the organic ligands present. Assuming that copper forms more 
stable complexes with ligands of marine rather than terrestrial origin would be sufficient to 
explain the observed trend.   
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1 INTRODUCTION 

Since toxicity and mobility of trace metals are related to the metals’ speciation (e.g. Stumm 
and Morgan 1996), robust methods for trace metal speciation analysis are of great interest. 
There are several techniques available to perform chemical speciation and fractionation 
measurements of elements in aquatic environments, all having their own opportunities and 
limitations (e.g. Lead et al. 1997). One of these techniques is diffusive gradients in thin films 
(DGT; Figure 1; Davison and Zhang 1994). During the last 15 years, hundreds1 of scientific 
articles have been published on the subject of DGT development and application. The DGT 
technique was developed for in situ measurements of labile trace metal species in aquatic 
environments and has been applied to waters (e.g. Zhang and Davison 1995), sediments (e.g. 
Zhang et al 1995, Widerlund and Davison 2007) and soils (e.g. Zhang et al. 2001). The focus 
in this thesis will be on DGT performance and applications in water.  

1.1 Opportunities of DGT measurements 

Sampling with DGT offers a wide range of applications. It has been used for everything 
between bioavailability and toxicity studies (Røyset et al. 2005, Tusseau-Vuillemin et al. 
2004), detailed studies to quantify labile organic and inorganic trace metal species (Warnken 
et al. 2008) and to trace pollution sources in sewer systems (Thomas 2009). The diversity in 
applications implies that DGT is a useful tool for researchers from varying disciplines. In 
Figure 1 a DGT device is shown. 

As an in situ separation technique, DGT has the advantage to minimise speciation changes 
during sampling and storage (Lead et al. 1997). Further benefits are that the sampling device 
is simple to use and relatively inexpensive since the user does not need any costly equipment, 
and it can be sent to commercial laboratories for analysis. The effective time taken for 
deployment and retrieval is short, perhaps not more than 10-15 minutes per device. This 
enables simultaneous speciation measurements at, for example, several locations and depths. 

1.2 What does DGT measure? 

The DGT contains a membrane filter, hydrogel and binding layer (adsorbent) mounted in a 
plastic sampling device with an opening exposed to the sampling medium (Zhang and 
Davison 1995). Analytes in the sampling medium diffuse through the membrane filter and 
hydrogel to finally accumulate in the binding layer. Only species that are small enough to pass 
through the hydrogel are accumulated. Accumulation continues as long as the sampling 
device is exposed, and after retrieval the analytes are eluted and determined at the laboratory. 
Knowing the accumulated mass and diffusion coefficient of the analyte, as well as the 
                                                 

1 A Quick Search on www.scopus.com for “diffusive gradients in thin films” resulted in 224 hits, 7th May 2010. 
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deployment time and temperature enables calculation of the average concentration during the 
time of exposure. Diffusion coefficients are determined empirically in the laboratory and must 
be adjusted to the deployment temperature. DGT can be applied to any analyte for which a 
suitable adsorbent can be found and no adverse interactions between analyte and the diffusion 
layer is present. The DGT technique and theory is described in more detail in the coming 
chapters of this thesis.  

DGT measurements generate time-weighted average concentrations during the deployment 
time. Longer deployment times will improve the detection limit since greater analyte amounts 
will be accumulated. It is important to note that the DGT concentrations may not be directly 
related to the total or dissolved analyte concentrations since species accumulated by the DGT 
are dependent on size and lability. The size is determined by the diffusive gel, and the normal 
DGT has a pore size of approximately 5 nm (Zhang and Davison, 1999). This is not a 
definitive cut-off, but means that hydrated metal ions and complexes <5 nm diffuse relatively 
freely in the gel and larger complexes are retarded. Large complexes will therefore only 
contribute marginally to the total accumulated analyte mass. Analytes bound to ligands that 
are small enough to diffuse through the diffusive gel will be included if the time of diffusion 
is long enough for the complex to dissociate (e.g. Zhang and Davison 1995, Scally et al. 
2003). A more detailed review of the topic is presented in section 4.2.  

In principle the DGT technique is quite simple, but detailed interpretation of the results of 
DGT-based measurements is associated with a range of uncertainties and questions that need 
further investigation. For elements that show small tendencies to strong complexation in 
natural waters, for example Cd, Mn and Zn, the DGT concentrations are commonly in 
coherence with the results from analyse of total dissolved and truly dissolved concentrations 
(Warnken et al. 2007b and 2009, Forsberg et al. 2006, Sangi et al. 2002), and the 
interpretation of results is rather straightforward. Ni and especially Cu generally show lower 
DGT concentrations than measurements of dissolved (membrane filtered) and truly dissolved 
(ultrafiltered) fractions, which has been attributed to an effect of organic complexation 
(Warnken et al. 2009, Forsberg et al. 2006). Complexed metal ions have slower diffusion than 
the corresponding free metal ion (e.g. Scally et al. 2003). Therefore, adapting the diffusion 
coefficients determined for inorganic species to calculate DGT-concentrations will result in 
underestimation.  

 
FIGURE 1. A DGT device in action. © Fredrik Nordblad 
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DGT has been used in parallel with several other speciation and fractionation techniques for 
comparison, and to investigate the fractions and species measured. For example in 
combination with voltammetric methods (e.g. Twiss and Moffet 2002, Meylan et al. 2004, 
Sigg et al. 2006), flow injection analysis (Downard et al. 2003), ultrafiltration (e.g. Forsberg 
et al. 2006, Tonello et al. 2007), dialysis (e.g. Gimpel et al. 2003), and the Chemcatcher 
passive sampler (e.g. Allan et al. 2007), to mention but a few. 

1.3 Short history of DGT development 

The first scientific work concerning the DGT technique was presented in a letter to Nature in 
1994 by Prof. William Davison and Dr. Hao Zhang of Lancaster University, United Kingdom 
(Davison and Zhang 1994). The following year an extended characterisation of the technique, 
for measurements of some trace metals, was published (Zhang and Davison 1995). In 1998, 
the DGT with ferrihydrite adsorbent for measurements of reactive phosphorus (Zhang et al. 
1998). Until today the technique has been applied on almost every continent by researchers 
from all over the world (e.g Antarctica: Larner et al. 2006; Asia: Aung et al. 2008; Australia: 
Warnken et al. 2004; Europe: Forsberg et al. 2006; North America: Balistrieri et al. 2007; 
South America: Wallner-Kersanach et al. 2009). The research group of applied geology at 
Luleå University of Technology has used DGT since 2002 (Dahlqvist et al. 2002). A brief 
summary of the DGT development through the years is presented in Figure 2. 

1.4 Scope of the thesis 

Further development of DGT has been and is still a work in progress. By modification of the 
binding layer, normally containing the Chelex 100 chelating cation exchanger, new target 
analytes can be measured. Before a  “new” DGT can be taken in use it has to be characterised 
with respect to, for example, the effects of pH, affinity, elution efficiency, detection limits 
etc., and diffusion coefficients of the analytes have to be determined. The first objective in 

 

 
FIGURE 2. Summary of the continuous DGT development.  
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this thesis was to identify and evaluate a suitable adsorbent to measure inorganic oxy-anions 
simultaneously, using the DGT technique. 

Measurements of Cu and Ni conducted in the Baltic Sea 2003 and 2004, combining DGT and 
ultrafiltration (<1 kDa) techniques, indicated that these metals were complexed but that a 
substantial fraction of the complexes probably were more or less labile (Forsberg et al. 2006). 
Recent measurements (Zhang and Davison 1999, Zhang 2004) using a restricted pore (RP) 
DGT in combination with the normal open pore (OP) DGT showed promising results to 
estimate labile organic and inorganic species. The second objective of the thesis was therefore 
to apply this combination of DGT devices in the Baltic Sea to study Cu and Ni speciation. 
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2 DGT – PRINCIPLE AND CALCULATIONS 

A binding layer and a diffusive layer are installed in the DGT plastic sampling device. The 
diffusive layer has a well defined thickness and typically consists of a polyacrylamide 
diffusive gel and a protective membrane filter that is exposed to the bulk solution through an 
opening/”window” in the sampling device (Figure 3). The binding layer is placed behind the 
diffusive gel and in the ordinary DGT consists of a Chelex 100 cation exchange resin 
embedded in polyacrylamide gel. Chelex has an affinity to di- and tri-valent metal cations 
(Bio-Rad, 2000), but other materials have been used in the development of the DGT sampling 
device to measure other analytes. The analytes diffuse from the bulk solution through the 
diffusion layer and adsorb to the binding layer. Thereby a concentration gradient is developed 
in the diffusion layer, where the concentration is equal to the bulk concentration at the 
membrane/water interface and effectively zero at the binding layer surface, as illustrated in 
Figure 4. The concentration gradient is maintained as long as the binding layer is not 
saturated. The flux, J, through the diffusive layer can be described by Fick’s first law of 
diffusion: 

dx
dCDJ �       Eq. 1 

where D is the diffusion coefficient, C is the concentration and x the distance (and dC/dx the 
concentration gradient).  

The diffusion coefficient is determined experimentally and differs between analytes, species 
as well as between different media, such as in water, in the diffusive gel and membrane filter. 

 

FIGURE 3. Illustration of the DGT device in A: 3D, B: cross section and C: close up of cross section 
showing the binding and diffusive layers. 
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Since the diffusion coefficient is temperature dependent, D must also be corrected to the 
deployment temperature, T (Zhang and Davison 1995): 

� � � � � �
298
273log

109
251036.82537023.1log 25

24 TD
T

TTD �
�

�
����

�
�

 Eq. 2 

where D and D25 are the diffusion coefficients of the deployment temperature and at 25 °C, 
respectively.  

If �g is the thickness of the diffusion layer, the flux is given by the following: 

g
CDJ
�

�      Eq. 3 

The DGT device is exposed to the target solution for a known time, t. After retrieval the DGT 
is opened and the analytes are desorbed/eluted from the binding layer followed by 
determination using a suitable analytical technique. For the normal Chelex-DGT, nitric acid is 
recommended as eluent. Various concentrations and volumes has been tried resulting in 
different elution efficiencies, fe, which has to been taken into account in the coming 
calculations of the accumulated mass, M: 

e

eg
e f

VV
CM

�
�      Eq. 4 

where Ce is the measured concentration of the analyte in the eluate, Vg is the volume of the 
binding layer gel and Ve the volume of the eluent. M can then be used to calculate the flux 
through the diffusion layer with the exposed area A, during the exposure time: 

tA
MJ
�

�      Eq. 5 

Combining Equations 3 and 5 and rearranging gives the concentration, C, of the analyte in the 
bulk solution, available to the DGT: 

AtD
gMC
��
��

�      Eq. 6 

 

FIGURE 4. Schematic representation of the concentration in bulk solution, through the diffusion layer to 
the binding layer. 
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The thickness of the diffusion layer, �g, can be divided into �gel and �f corresponding to the 
diffusive gel and membrane filter thicknesses, respectively. In OP DGT measurements the 
difference in diffusion coefficient between the gel and the filter is small and ignoring this in 
the calculation of concentration will not contribute to an error larger than 5% (Scally et al. 
2006). However, for RP DGT measurements the difference is too large to ignore during 
calculations. Eq. 6 may therefore be extended to:  

	
	



�
�
�


� �
�

�

�
�

f

f

g

gel

DDtA
MC     Eq. 7 

where Df is the diffusion coefficient in the membrane filter. 
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3 DGT CONSIDERATIONS 

There are numerous factors affecting DGT performance and these are reviewed below. 
Knowledge of these factors provides give a general view of what can be expected and 
achieved using the technique, and helps in making informed decisions before the DGT is 
applied. 

3.1 Binding layers 

In the early stages of DGT development the technique was first characterised for Ni, Zn, Mn, 
Fe, Cu and Cd measurements (Zhang and Davison 1995). Later, Garmo et al. (2003) 
evaluated the Chelex DGT for 55 elements and concluded it useful for measurements of the 
following 24: Pb, Zn, Co, Ni, Cu, Cd, Al, Mn, Ga, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Tb, Lu and Y. There were also opportunities for quantification of Fe, Cr, Ba, Sr, U, 
V, Mo and Ti. For shorter deployment times the Chelex DGT can also be applied to Mg and 
Ca measurements (Dahlqvist et al. 2002). The latter are major cations present at high 
concentrations in natural waters and their affinity to the Chelex resin is relatively low. 
Therefore their exchange by trace metals with higher affinity will start within one day.  

By modifications of the binding layer the DGT has been further developed for other elements. 
DGT can be applied to analytes for which there is a suitable binding agent, assuming that 
there are no adverse interactions between the analyte and the binding layer. For example by 
exchange of the Chelex cation-exchanger for synthetic ferrihydrite (an iron oxyhydroxide), 
the DGT was characterised for determination of labile anionic phosphate (Zhang et al. 1998) 
and in later years to inorganic As (Panther et al. 2008). The ferrihydrite backed (FH) DGT has 
also been applied to Se in soil (Sogn et al. 2008), to P, As, V, W, Mo, Sb, and U to study 
microniches in sediments (Stockdale et al. 2008 and 2010) and a mixed binding layer of 
Chelex and FH was used for the measurement of both cations (Mn, Cu, Zn, Cd) and anions 
(phosphate and molybdate) simultaneously (Mason et al. 2005). TEVA and Dowex 1x8 anion 
exchange resins have been used for determination of Tc (French et al. 2005) and U (Li et al. 
2007), respectively, and thiol resins to determine labile Hg (Do�ekalová and Diviš 2005) and 
methyl-Hg (Clarisse and Hintelmann 2006) concentrations. Due to strong binding of 
inorganic mercury to the amide groups in the polyacrylamide diffusive gel, agarose gels have 
been used instead (Do�ekalová and Diviš, 2005). For methyl-Hg though, no such adverse 
effects were reported using polyacrylamide diffusive gel (Clarisse and Hintelmann 2006). Li 
et al. (2005) examined Cd and Cu accumulation to five binding layers (four of them 
previously characterised in Li et al. 2002a, 2002b, 2002c and 2003), including the normal 
Chelex gel. Though the differences between the DGTs were often rather small, there were 
significant differences in accumulated masses between the binding layers, and it was 
concluded that the estimated concentrations of DGT labile metals is dependent on the binding 
phase used. The Chelex DGT showed highest accumulation in a seawater matrix, but in a 
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freshwater matrix other binding agents were stronger. There were similar results for both Cd 
and Cu.  

3.2 Factors affecting precision and accuracy 

Errors expected to effect DGT measurements arise from several factors including for example 
temperature variations during deployment, variations in the thickness of the diffusive gels, 
DGT blank variability, elution factor, diffusion coefficient and diffusive boundary layer. 

While precision approaching 5% relative standard deviation (RSD) has been estimated from 
controlled laboratory measurements, deteriorated precision must be expected from field 
sampling, since the field conditions are less controlled.  

3.2.1 Diffusive boundary layer 

The DGT should ideally be placed in flowing waters because at the interface between the 
protective membrane filter and surrounding water, a diffusive boundary layer (DBL) is 
developed. The DBL is stagnant and therefore works as an extension of the diffusion layer 
and is larger in low flowing waters. For improved accuracy, measurement of the DBL 
thickness might be performed and included in the concentration calculations in Equation 5. In 
high flowing waters the DBL thickness, �, has been estimated to be 0.23 mm (Warnken et al. 
2006), which is approximately 25% of the diffusive layer thickness, �g, in the ordinary DGT. 
In laboratory experiments, when no stirring was applied to the test solution, DGT 
concentrations corresponding to half of the theoretical value were observed (Gimpel et al. 
2001), which implies a DBL thickness equal to �g, i.e. ~0.9 mm. Above flow velocities 
corresponding to 2 cm s-1, � did not decrease further. � is estimated using at least two DGTs 
with various diffusive gel thicknesses, e.g. the ordinary 0.8 mm along with 1.2 mm. ��is then 
calculated according to (Warnken et al. 2007a): 

12

2211 )(
MM

gMgM
D
D

gel

w

�
���

	
	



�
�
�


�
��     Eq. 8 

The subscripts 1 and 2 refer to the thinner and thicker gels, respectively. The diffusion 
coefficient of an analyte in the DBL is assumed to be equal to the diffusion coefficient of the 
analyte in water, Dw. Extension of Eq. 7, including DBL thickness gives: 
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f

g

gel

DDDtA
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Ignoring the DBL in calculations will give the DGT concentration at the filter/water interface 
and the DGT concentration will be underestimated, which is evident from Figure 4.  

3.2.2 Effective sampling area 

A systematic error has been detected, working in the opposite direction to that of the DBL. 
The error resulted in approximately 20% overestimation of the DGT concentration. 
Measurements using laser ablation ICP-MS (Warnken et al. 2006) on dried binding gels 
indicated that the effective adsorption area on the binding layer is 20% larger than the area of 
the DGT device window (see Figure 3) and the systematic error was suggested to originate 
from this fact. The theory was confirmed in a recent study (Alexa et al. 2009) during 
validation of a new micro-DGT probe. This new probe was designed to let the areas of the 
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sampling window and the adsorption layer have the same size and thereby fully eliminate the 
possibility of having a larger adsorption area. The DBL and effective adsorption area may be 
disregarded in regular use of DGT, since the magnitude of the effects are similar but work in 
opposite directions. Eq. 6 may then be used for concentration calculations. 

3.2.3 Biofouling 

Deployment of DGTs in natural waters can cause development of a biofilm on the device and 
the protective membrane filter, caused by colonisation by microorganisms. The biofilm may 
adsorb analytes or work as an extension of the diffusive layer, both leading to underestimation 
of the DGT concentration (Pitchette et al. 2007, Murdock et al. 2001). FH DGT devices for 
phosphate measurements were impregnated with three different anti-biofilm agents and 
deployed along with untreated ones in fishery farms, high in nutrient content. Both control 
and treated DGTs indicated variations in DGT-labile phosphate concentrations connected to 
differences in deployment times (4-21 days) and factors other than biofilm development 
seemed to have affected the phosphate accumulation, perhaps from the impregnators them 
selves. The approach of anti-biofilm impregnation is not widely used. 

3.2.4 Temperature 

Diffusion coefficients are normally determined at room temperature and thereafter adjusted to 
deployment temperature using Eq. 2 (Zhang and Davison 1995). Roughly this corresponds to 
a change of 3% per °C. Verification that the equation holds was conducted by Zhang and 
Davison (1995) in the temperature range 5-35 °C. However, Larner et al. (2006) showed that 
diffusion coefficients of Cd, Pb, Al, Mn, Co, Cu and Zn measured at –1 °C on average 
differed 12% from the recalculated values determined at 20 °C. Therefore, for accurate 
measurements in low temperature waters it may be necessary to redo diffusion coefficient 
measurements. 

For simple applications or short exposure times the temperature is measured at deployment 
and retrieval of the DGT samplers. When high accuracy is necessary temperature loggers 
might be needed. The temperature logger is attached in situ close to the DGT devices and is 
programmed to register the temperature at specified time intervals. 

3.3 pH 

Reliable DGT measurements can be performed over a wide pH range. Limitations are 
associated to the characteristics of the binding agent and the diffusive gel. The Chelex resin 
consists of a styrene divinylbenzene copolymer chemically-bonded iminodiacetic acid (IDA). 
IDA forms bidentate chelates with polyvalent cations and has a high affinity for metal ions 
(BioRad 2000). At lower pH values IDA becomes protonated, and the chelating efficiency is 
impaired. The pH at which decreased adsorption appears varies between analytes and is 
dependent on the selectivity of IDA. For example Cd measurements may be conducted down 
to pH 4-5 (Zhang and Davison 1995, Gimpel et al. 2001) while Cu uptake in synthetic 
solutions resulted in accurate results at least down to pH 2 (Gimpel et al. 2001).  

At pH < 1 the gel starts to swell (Zhang and Davison 1999). Swelling was also seen at pH � 
11. However, from measurements conducted at pH 12.9 it has been shown that even though 
the accumulation is decreased, there is still a linear uptake over time (Gimpel et al. 2001). 
Therefore DGT could probably be used at high pH after determination of the diffusion 
coefficients at the given pH.  
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Investigations of the FH DGT for anionic determination has shown that accurate 
measurements of phosphate can be exerted in the pH range 2-10 (Zhang et al. 1998), arsenic 
between pH 3-7 (Panther et al. 2008, Sogn et al. 2008) and molybdate between 3-8 (Mason et 
al. 2005).  

3.4 Ionic strength 

During the early development of the DGT, investigations of the properties implicated that 
DGT could be used in low ionic strength waters, actually down to ionic strength, I = 10 nM 
(Zhang and Davison 1995). However, later works indicated that I <1 mM resulted in 
deteriorated precision and accuracy  (e.g. Zhang and Davison 1999, Alfaro-De la Torre 2000, 
Sangi et al. 2002, Peters et al. 2003, Warnken et al. 2005). Several reasons have been 
suggested and both increased and decreased accumulation rates have been observed. To 
control the problem Warnken et al. (2005) highlighted the importance of extensive and 
thorough washing of the diffusive gels after polymerisation in order to reduce unreacted 
polymerization products in the gels. Poorly washed gels will result in increased accumulation 
rates and deteriorated precision for measurements in low ionic strength waters (I <1 mM). 
Completely hydrated gels though resulted in decreased accumulation rates at I <1 mM, but 
when additional measurements of diffusion coefficients were performed, it was concluded 
that DGT can be used with preserved precision down to I = 0.1 mM (Warnken et al. 2005, 
Scally et al. 2006).  

3.5 Accumulation capacity 

Maximum accumulation is limited by the capacity of the adsorbent incorporated in the 
binding layer. Zhang and Davison (1995) determined the maximum capacity of the normal 
Chelex DGT to 0.65 mg Cd, which corresponds to approximately 6 �mol. In ocean water this 
has been estimated to correspond to 2.5 years deployment to collect Chelex-exchangeable 
metals, assuming saturation is the only limiting factor. In coastal water and many unpolluted 
freshwaters the concentrations are estimated to be ten times higher and therefore the 
maximum deployment time will be ten times shorter, i.e. 3 months. The high accumulation 
capacity assures that the deployment time is rarely the limiting factor.  

FH DGT capacity has been determined for phosphate and arsenic measurements indicating 
the same molar capacity, 0.4 �mol (Panther et al. 2008, Mason et al. 2008, Zhang et al. 1998). 
Maximum arsenic uptake was determined to 65 �g but after 30 �g the accumulation rate 
decreased (Panther et al. 2008). This is equivalent to 0.4 �mol arsenic. Phosphate uptake was 
limited to 7-12 �g P (Mason et al. 2008, Zhang et al. 1998), that is 0.2-0.4 �mol. It is not 
recommended to add more ferrihydrite to the binding layer to increase the capacity since this 
will affect the properties of the binding gel negatively (Zhang et al. 1998).  
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4 SPECIATION MEASUREMENTS 

By using diffusive gels with different thicknesses and/or of different pore sizes in parallel, 
dissociation rates of complexes and degree of complexation can be appreciated. The theory 
behind this topic is reviewed in the following sections.  

4.1 Complex lability measurements 

Analyte accumulation in the binding layer is dependent on both the size and lability of 
eventual complexes. The size is limited by the diffusive gel pore diameter (~5 nm). This allow 
hydrated cations (Zhang and Davison 1995) and small complexes (Scally et al. 2003) move 
freely, while larger complexes are more or less retarded.  

Consider the equilibrium reaction of metal ions (analytes), Me, and ligands, L, and the 
complex, MeL: 

Me + L � MeL    Eq. 10 
As Me is continually removed by adsorption to the binding layer, the equilibrium in the 
diffusive layer is perturbed which may promote dissociation of MeL. In Figure 5 a schematic 
representation of potential concentration gradients of MeL complexes and the metal ions is 
presented. Case A demonstrates the concentration profiles of the analyte and a completely 
labile complex (Zhang and Davison 1995). The MeL complex dissociates and not only free 
metal ions but all metal ions originally associated with the complex are adsorbed to the 
binding layer. In the second case, B, the complex is totally inert and does not dissociate at all 
within the time taken to diffuse through the layer, and so analytes from this complex will not 
be measured. Case C shows the example of a partially labile complex resulting in a decrease 

               A                                                           B                                                            C 

FIGURE 5. Schematic representation  of the concentration gradients in the diffusion layer of Me and MeL 
illustrating A: completely labile complex, B: completely inert complex and C: partially labile complex. 
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in MeL concentration closer to the binding surface but not complete removal. This is due to 
slow dissociation of the complex in Eq. 10. Kinetics will then control the accumulation and 
the estimated concentration becomes dependent on the thickness of the diffusion layer. 
Thicker diffusion layers result in longer times for dissociation. The time taken for a complex 
to traverse the gel (td) can be estimated from Eq. 11 if the diffusion coefficient of MeL is 
known (Warnken et al. 2007a): 

� �
ML

d D
gt

2

2�
�      Eq. 11 

Lability of complexes can be estimated by simultaneous deployment of DGT devices with 
different diffusive gel thicknesses (e.g. Yapici et al. 2008, Warnken et al., 2007b). Since the 
same procedure is also used for DBL thickness measurements (section 3.2.1) it is 
recommended to quantify the DBL using ions that are fully labile and not kinetically limited. 
These are typically Zn and Cd (Warnken et al., 2007b). 

4.2 Determination of labile organic and inorganic species 

Organic ligands present in natural waters are often smaller than 5 nm in size (Lyvén et al. 
2003, Dahlqvist et al. 2007, Hassellöv 2005). Analytes complexed with these will, depending 
on lability, therefore contribute to the accumulated mass in the DGT. The diffusion 
coefficients of these complexes are lower than these of “free” ions, resulting in a risk of 
underestimating the DGT concentration when using diffusion coefficients of the free ions. To 
overcome this issue, DGT devices with a diffusive gel having a more restricted pore size have 
been used in combination with DGTs with larger pores (e.g. Zhang and Davison 2000, Zhang 
2004, Scally et al. 2006). The RP DGT has a pore size of ~1 nm (Zhang and Davison 1999) 
and will retard larger complexes to a higher extent than the most commonly used OP DGT 
(often also referred to as APA2 DGT). Not only the diffusion of complexes, but also the 
diffusion of “free” ions is slower in the RP DGT compared to the OP DGT (Scally et al. 
2006).  

If the diffusion coefficients of the ligands present in the sampling solution is known or can be 
appreciated, speciation of organic and inorganic labile metal concentrations can be estimated 
(Zhang and Davison 2000). The mass of analyte accumulated in the DGT is the sum of labile 
inorganic (MMe) and organic species (MMeL): 

MeLMeDGT MMM ��      Eq. 12 

The contributions of MMe and MMeL are given by Eq. 13 and Eq. 14, respectively: 

g
AtDC

M MeMe
Me �

���
�     Eq. 13 

g
AtDC

M MeLMeL
MeL �

���
�     Eq. 14 

where CMe and CMeL are the concentrations of inorganic and organic species, respectively. 
Combining Eq. 12-14 gives: 

� �
g
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M MeLMeLMeMe

DGT �
���

�    Eq. 15 

which can be rearranged to: 
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Therefore, by plotting the ratio of the diffusion coefficients of the complex and the metal, 
DMeL/DMe, for each DGT type (e.g. OP and RP) against the corresponding value for 
MDGT/(At�gDMe), the concentrations of inorganic and organic species can be estimated from 
the slope and intercept of the line. Measurements to determine diffusion coefficients of 
several natural and synthetic organic ligands have been conducted in diffusive gels with 
different pore sizes for this purpose (Zhang and Davison 1999, Scally et al. 2006). The 
speciation procedure has been applied in synthetic solutions (Zhang and Davison 2000) as 
well as natural waters (Zhang 2004, Zhang and Davison 2000). 

Recently it was indicated that a substantial part of organic complexed metals pass the RP 
diffusive gel. Balistrieri et al. (2007) used the combination of OP and RP DGT devices in a 
river affected by acid mine drainage, and while calculations using the biotic ligand model 
predicted high degrees of complexation of Cu and Cd, OP and RP DGT gave the same 
concentrations. These observations could to some extent probably be explained from the 
examination of gel properties conducted by van der Veeken et al. (2008). The latter found 
evidence implying that the gel pore sizes in both OP and RP gels partly are much larger than 
have previously been estimated. Solutions of Pb complexed to latex particles with radii of 40 
or 129 nm were equilibrated with OP and RP gels. The Pb-latex complex concentrations after 
equilibration were 30-50% in the OP gel and up to 65% in the RP gel, compared to the bulk 
concentration. These preliminary results still await confirmation or reassessment by the DGT 
community, but if true, the presumed effects from OP and RP DGT deployments must be 
reconsidered. 

Due to the fact that the retardation of larger complexes is more pronounced in the RP gel 
compared to the OP gel, there will be more time available for dissociation of the complexes 
that are small enough to traverse the restricted pores. This issue was discussed by Warnken et 
al. (2008) when using combinations of OP and RP DGT devices along with OP DGT devices 
with different diffusive layer thicknesses. Using this set-up they could conclude that the 
diffusion coefficients of FA estimated from diffusion cell measurements underestimated the 
effective diffusion coefficient observed in natural waters. 
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5 FINDINGS 

In the sections below, Paper I (Simultaneous sampling of As, Mo, Sb, V and W using a 
ferrihydrite diffusive gradients in thin films (DGT) device) and Paper II (Copper and nickel in 
ultrafiltered brackish water; labile or non-labile?) are summarised.  

5.1 Summary of Paper I 

The opportunities associated with the DGT technique makes it desirable for further 
development in order to increase the number of elements amendable to DGT measurements. 
In Paper I the commercially available FH DGT, already characterised for measurements of  
phosphate and arsenic, was evaluated for determination of labile anionic molybdate, Mo(VI), 
antimonate, Sb(V), vanadate, V(V), and tungstate, W(VI). Laboratory studies were conducted 
for the determination of adsorption efficiency, diffusion coefficients, elution efficiency, pH-
dependence as well as detection and quantification limits. Arsenate measurements were run 
simultaneously to provide quality control of the performance via comparison with literature 
data.  

Adsorption tests indicated rapid adsorption of all analytes in the pH range 4-8. However, 
decreased efficiency was observed for antimonate at pH 8. Complete elution of analytes from 
the ferrihydrite gel discs was achieved using 10 mL 1.6 M HNO3 containing 0.1 M HF. 

Diffusion coefficients were determined using two independent methods; by diffusion cell and 
by direct uptake to DGT devices in solutions with known concentrations. The latter method 
was applied at several pH values. All measurements showed similar results irrespective of 
method and pH with two exceptions, molybdate and antimonate at pH 8. The results are 
summarised in Table 1. 

TABLE 1. Diffusion coefficients (10-6 cm2 s-1) measured using diffusion cell and DGT devices at different 
pH values. Valid at 25ºC. Uncertainties represent 95% confidence interval of regression line from 
diffusion cell measurements, minimum / maximum values of duplicate DGT devices and 95% confidence 
intervals calculated from all measurements included in the mean Deff.  

  
DDCa  

pH 6.4 

Deffb 

pH 4.1 

 

pH 6.2 pH 7.9 

Deff
mean 

As(V) 5.21±0.16 5.48±0.06 5.54±0.29 4.78±0.07 5.26±0.28 

Mo(VI) 5.96±0.19 5.14±0.08 5.70±0.13 3.27±0.28 5.42±0.20 c 

Sb(V) 5.55±0.20 5.50±0.12 5.25±0.11 3.27±0.15 5.38±0.09c 

W(VI) 5.45±0.20 5.32±0.13 5.82±0.10 5.53±0.02 5.56±0.56 

V(V) 6.72±0.27 6.50±0.26 6.69±0.32 6.78±0.16 6.66±0.67 
a DDC is the diffusion coefficient measured using the diffusion cell method  
b Deff is the diffusion coefficient measured using direct uptake to DGT devices in solutions with known concentrations 
c Deff at pH 7.9 data were not included in calculated mean value  
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The limit of quantification (LOQ) was estimated from the standard deviation of measured 
concentrations during the analysis of 10 unexposed FH DGT devices, and were calculated to 
be 5, 3, 0.3, 0.4, 0.2 ng/DGT device for arsenic, molybdenum, antimony, vanadium and 
tungsten, respectively. These figures were recalculated to required concentrations in bulk 
solutions, using Eq. 6, to obtain method LOQs assuming seven days exposure at 15 ºC. The 
estimated bulk concentrations, necessary to reach LOQ levels during the given time, were 
then determined to be 0.1, 0.05, 0.005, 0.005, 0.007 �g L-1 for the respective analytes.  

As a final test, field measurements were conducted upstream and downstream of a lake in a 
stream affected by mine drainage. In parallel to DGT deployments, discrete sampling 
followed by subsequent filtration (<0.45 �m) on site was performed. Time series from several 
months measurements were analysed, starting at the spring flood peak. The measurements 
were therefore conducted under varying pH, conductivity and concentration conditions. DGT 
concentrations of the analytes followed the filtered concentrations but were generally lower, 
which was attributed to complexation with colloids. At high pH, decreased efficiency of the 
FH DGT was observed for molybdate and antimonate. 

The overall performance of the FH DGT for measurements of arsenic, molybdate, antimonate, 
vanadate and tungstate was considered good and FH DGT is suitable for simultaneous 
determination of these analytes in the pH range 4-8. Promising results were seen from field 
sampling even at higher pH values with the exceptions of molybdate and antimonate. 

5.2 Summary of Paper II 

In Paper II the OP DGT with the Chelex binding layer was used in combination with the RP 
DGT, for sampling of copper and nickel at three stations in the Baltic Sea: Landsort Deep, 
Bothnian Sea and Gotland Deep, depicted in Figure 6. Time series and vertical profiles were 
taken and complementary samples for total concentration measurements were analysed. At 
Bothnian Sea and Gotland Deep additional membrane- and ultra-filtration were conducted on 
samples collected from 5 m depth. Recently, measurements in the Baltic Sea (Landsort Deep 

 

FIGURE 6. Sampling stations in the Baltic Sea from north to south: Bothnian Sea (C3), Landsort Deep, 
(BY31) and Gotland Deep (BY15). 
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and Ekhagen Bay) of cadmium, manganese, zinc, copper and nickel were performed by 
Forsberg et al. (2006), comparing the OP DGT and ultra-filtration (<1 kDa) techniques. The 
DGT and ultra-filter were considered to have approximately the same pore size. Cadmium, 
manganese and zinc showed excellent agreement between the methods, while nickel and 
especially copper DGT concentrations were generally lower than their ultra-filtered 
counterparts. The effect was attributed to organic complexation of these two elements and the 
idea was born to apply RP and OP DGT devices in parallel to hopefully separate the organic 
and inorganic DGT-labile fractions. 

However, the results from the present study showed small differences between the two DGT 
types in terms of Cu and Ni concentrations, indicating that the labile complexes were smaller 
than the pore size of the RP gel, and therefore more or less the same fraction was accumulated 
by both devices. Compared to ultrafiltration, the nickel DGT-labile fraction was greater than 
that of copper.  

From competitive ligand exchange-cathodic stripping voltammetry measurements it has been 
proposed that >99.8% copper was complexed with organic ligands in the brackish Gullmar 
Fjord on the Swedish west coast (Croot 2003). This was assumed to be the situation at our 
sampling sites as well and the diffusion coefficient of the fulvic acid complex was applied to 
OP DGT results from 5 m depth in order to calculate DGT-labile copper concentrations. A 
second assumption was that colloids >1 kDa did not have access to the diffusion gel. The non-
labile inert fraction of copper was then estimated to correspond to up to 75% of the ultra-
filtered fraction. There were indications that the inert fraction may be correlated to salinity. 
Therefore the datasets from Landsort Deep and Ekhagen Bay, presented by Forsberg et al. 
(2006), were subjected to the same numerical procedure. Mean values of the percentage inert 
fractions from all sampling occasions are presented in Figure 7, and the salinity dependence is 
evident. The inert fraction of Cu increased with increasing salinity, and therefore the inert Cu 
complexes are proposed to be produced at sea.  

Assuming 100% complexation of nickel to fulvic acid ligand in the Bothnian Sea and Gotland 
Deep gave DGT concentrations similar to ultra-filtered nickel concentrations. Nickel 
complexes were therefore suggested to be completely labile. 

 

 

FIGURE 7. Estimated inert fraction of copper plotted against stations with increasing salinity in the Baltic 
Sea. Salinity in parenthesis. 
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GLOSSARY 

�� thickness of the DBL 

�f thickness of the protective membrane filter 

�g thickness of the diffusive layer 

�gel thickness of the diffusive gel  

Chelex the cation exchanging resin used in normal DGT 

DBL diffusive boundary layer 

DGT diffusive gradients in thin films 

FA fulvic acids 

FH DGT DGT with ferrihydrite adsorbent 

IDA iminodiacetic acid, the active group on the Chelex adsorbent 

kDa 1000 Dalton, corresponds to the mass of 1000 hydrogen atoms  

LOQ limit of quantification 

OP DGT open pore DGT, pore size ~5 nm 

psu practical salinity unit 

RP DGT restricted pore DGT, pore size ~1 nm 

speciation distribution of an element amongst defined chemical species in a 
system  

species specific chemical form of an element defined as to isotopic 
composition, electronic or oxidation state, and/or complex of 
molecular structure  
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Abstract 

The ferrihydrite-backed (FH) DGT (diffusive gradients in thin films), developed for arsenic 

and phosphate measurements was, for the first time, characterized with respect to molybdate, 

antimonate, vanadate and tungstate determination. In addition to laboratory experiments, field 

measurements were conducted in a natural stream in northern Sweden affected by mine 

drainage. To provide quality control of the performance, arsenic measurements were 

performed simultaneously as the other anions both in the laboratory and in field. It was shown 

that FH DGT is suitable for simultaneous determination of labile arsenic, molybdate, 

antimonate, vanadate and tungstate over a wide pH range. Diffusion coefficients were 

determined using two different methods; diffusion cell and direct uptake to DGT devices in 

synthetic solutions. Determination of the coefficients using the direct uptake method was 

carried out at pH 4, 6 and 8. The results from the two methods agreed well irrespective of pH, 

except for molybdate and antimonate that showed decreased values at pH 8. Adsorption of the 

analytes to ferrihydrite gel discs were fast at all pH values. However, there was a tendency of 

lower adsorption affinity for antimonate compared to the other anions. 100% elution 

efficiency was achieved through complete dissolution of the ferrihydrite adsorbent using 1.6 

M HNO3 containing 0.1 M HF. From field sampling it was concluded that opportunities for 

accurate antimonate and molybdate determination were decreased at pH �8.7. DGT labile 

concentrations were generally lower than dissolved concentrations. Relatively lower DGT 

concentrations, compared to dissolved (<0.45 �m), were observed under a period when ferric 

oxide precipitations were detected on the DGT protective filter. 



 2 
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1. Introduction 

The diffusive gradients in thin films (DGT) passive sampling technique has been used for 

speciation measurements in water, sediments and soils in more than 15 years (Davison and 

Zhang 1994, Warnken et al. 2007). Briefly, the DGT sampling device contains a binding layer 

covered by a polyacrylamide hydrogel and a protective membrane filter. The membrane filter 

is exposed to the bulk solution through an opening in the sampling device. The hydrogel and 

membrane filter allow free diffusion of analytes, smaller than the hydrogel pore size, from the 

bulk solution to the binding layer, where adsorption and accumulation occurs. The normal 

DGT incorporates Chelex 100 cation exchanger for in situ accumulation of trace metals. 

Lately, reports of the ferrihydrite-backed (FH) DGT for anion measurements have been 

published (e.g. Zhang et al. 1998, Fitz et al. 2003, Panther et al. 2008, Sogn et al. 2008). The 

main use has been phosphate (Zhang et al. 1998) and inorganic arsenic (Panther et al. 2008) 

determination, for which the FH DGT is now well characterized. A mixed binding layer DGT, 

holding both Chelex and ferrihydrite, has been used for molybdate and phosphate 

determination in soil along with simultaneous measurements of some cations (Mason et al. 

2005). Measurements have also been conducted for oxyanions of vanadium, molybdenum, 

antimony, tungsten and uranium in sediments (Stockdale et al. 2008 and 2010) as well as 

selenium in soil (Sogn et al. 2008).  

Because of the possibility to do in situ sampling, DGT has the benefit to eliminate the risk of 

speciation changes due to transportation and storage of samples prior to preparation and 

analysis (Lead et al. 1997). In addition time-weighted average concentration analyses increase 

the chance of representative sampling that include temporal changes in speciation and 

concentration. There is a range of anions that for different reasons could be of interest to 

measure using the DGT technique. In oxygenated waters arsenic, antimony, molybdenum, 

vanadium and tungsten are predicted to be present in their anionic forms; arsenate (As(V)), 

antimonate (Sb(V)), molybdate (Mo(VI)), vanadate (V(V)) and tungstate (W(VI)) (Turner et 

al. 1981), all showing tendencies to adsorb to ferric oxides (e.g. As: Panther et al. 2008; Mo, 

W: Gustavsson 2003; V, Mo: Brinza et al. 2008; Sb: Wilson et al. 2010).  

This work aims to further characterize the FH DGT for quantitative determination of 

molybdate, antimonate, vanadate and tungstate. Along with the measurements of these anions, 

arsenate was included for validation of the laboratory experiments. In addition, measurements 
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were also performed in field in a natural stream affected by runoff from a tailings 

impoundment. 

2. Experimental 

2.1 REAGENTS, MATERIALS AND SOLUTIONS 

FH DGTs and gel discs were purchased from DGT Research Inc. (Lancaster, UK). 1000 mg 

L-1 single analyte stock solutions of anionic As(V), Mo(VI), Sb(V), V(V) and W(VI) were 

prepared from AsHNa2O4·7 H2O (Sigma-Aldrich), Na2MoO4·2 H2O, KSb(OH)6·2 H2O, 

NH4VO3 and Na2WO4·2 H2O (Riedel-De Haën) and diluted in Milli-Q purified water (<18.2 

M�; Millipore). pH was adjusted to >6 to decrease the risk of polymerization of Mo, V and 

W (Cruywagen 2000). 

2.2. INSTRUMENTATION AND ANALYSIS 

Chemical analysis were performed using inductively coupled plasma sector-field mass 

spectrometry (ICP-SFMS; Element, Thermo Scientific, Bremen, Germany). External 

calibration was applied combined with internal standardization (In and Lu added to all 

samples, calibrators and instrumental blanks) to correct for instrumental drift. Typical 

parameter settings and instrumental conditions can be reviewed in Axelsson et al. 2002. 

Samples and standards were prepared in acid washed 12 mL sampling tubes (Sarstedt). 

Calibration standards were prepared from single element stock solutions (Ultra Scientific). 

Small amounts of concentrated HF (sp) were added to samples and standards before 

acidification to prevent precipitation of W.  

Temperature, pH and conductivity were measured in field using a calibrated HydroLab MS5 

water sonde (Hach Hydromet). A Seven Easy pH meter  (Mettler Toledo) was used in the 

laboratory experiments. 

2.3. ELUTION EFFICIENCY  

1, 10 and 100 ppb solutions of the analytes were prepared in 0.01 M NaNO3. Ferrihydrite 

geldiscs were added to 10 mL of the solutions and left on the shaking apparatus for 24 hours 

to accumulate the analytes. Thereafter the geldiscs were eluted for 24 hours in 10 mL eluent 

containing 1.6 M HNO3 (sp) and 0.1 M HF (sp). The eluates were diluted 5-10 times prior to 
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analysis. A blank ferrihydrite geldisc was eluted in parallel. Analyte solutions after 

ferrihydrite adsorption were also analyzed to assure complete uptake. 

2.4. DETERMINATION OF LOD AND LOQ 

Limit of detection (LOD) and limit of quantification (LOQ) for the analytes were determined 

from ten blank DGT devices and calculated as three and ten times the standard deviation, 

respectively, added to the mean value of the ten replicates.  

2.5. DIFFUSION CELL EXPERIMENTS 

The procedure for determination of diffusion coefficients in polyacrylamide gels using a 

diffusion cell is well described elsewhere (Zhang and Davison, 1999). The diffusion cell in 

this work consisted of  two 70 mL compartments (referred to as compartment A and B) 

separated by a rubber spacer and clamped together. The compartments were connected 

through Ø15 mm holes covered with a 0.82 mm thick polyacrylamide diffusion gel disc and 

the normally used 0.14 mm thick protective membrane filter, both Ø25 mm. The filter was 

exposed to compartment A. 50 mL 0.01 M NaNO3 was added to each compartment and left to 

equilibrate for a couple of hours before the measurements started. 

The diffusion cell was placed on a planar shaking apparatus and adjusted to 164 rpm rotating 

velocity. 50 �l spikes of 1000 mg L-1 anionic standard solutions were added to compartment 

A. The same volume of Milli-Q and 0.1 M NaOH was added to compartment B to 

compensate for pH and volume changes. The compartments were covered to avoid 

evaporation. At the start and every 15 minutes, 200 �l samples were taken from each 

compartment and the temperature was registered in compartment A using a calibrated 

thermometer (Therma1 Thermometer, E.T.I. Ltd.). In total 12 subsamples were taken from 

each compartment. 

The subsamples from compartment B were diluted 10 times prior to analysis. The dilution 

solution contained HNO3, HF and In/Lu internal standard to after dilution yield 0.32 M 

HNO3, 0.02 M HF and 12.5 �g L-1 In and Lu. Subsamples from compartment A was diluted 

50 times with Milli-Q. Thereafter aliquots of 200 �l were pipetted to new sampling tubes and 

prepared as subsamples from compartment B. 

After analysis, the measured concentrations were used to calculate the mass of analyte 

diffused to compartment B at every measurement occasion. The diffused mass was plotted 
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against time and the slope of the curve was used to calculate diffusion coefficient, DDC, at the 

present temperature according to (Zhang and Davison 1999): 

 

AC
gslopeDDC �

��
�      Eq. 1 

 

where �g is the gel and filter thickness, C the concentration in the spiked cell and A the 

exposed area of the diffusive gel.  

2.6. EFFECTIVE DIFFUSION COEFFICIENT 

5 L solution of 10 �g L-1 of each analyte were prepared in 0.01 M NaNO3. The solution was 

divided in three bottles, 1.5 L in each, and pH was adjusted to 4, 6 or 8 using 1 M NaOH or 

1.6 M HNO3. The solutions were left on magnetic stirring for two days to equilibrate. 

Thereafter pH was measured several times to assure complete equilibration. 

1.25 L of each solution was transferred to three new bottles, duplicate DGTs were mounted 

along with a temperature logger. The temperature was logged every 15 minutes. All three 

bottles were placed on the same planar shaking table to assure similar stirring conditions. 

After 24 hours exposure, the DGT devices were opened and the ferrihydrite gels were eluted 

in 10 mL 1.6 M HNO3 and 0.1 M HF for 24 hours. Two blank DGT devices were eluted in 

parallel to control blank levels of the analytes. The eluates were diluted 5 times prior to 

analysis. Water samples were taken several times during the exposure to monitor the 

concentration in the test solutions. After the experiment was finished, pH was measured 

again. The diffusion coefficient at the present temperature was calculated according to: 

 

tAC
gMDeff ��

��
�      Eq. 2 

 

where M is the accumulated and eluted mass of each analyte and t is the time. 

2.7. pH DEPENDENCE ON ANALYTE ADSORPTION 

The effect of pH on adsorption of the anions to ferrihydrite gels was examined. Solutions with 

100 ppb of all five analytes were adjusted to pH 4, 6 or 8 using 0.1 M NaOH or HNO3. 30 mL 

tubes with caps were placed on the planar shaking apparatus and 10 mL of each solution were 

transferred to the tubes and ferrihydrite gel discs were added. 0.5 mL subsamples were taken 
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after 5, 10, 20, 30 and 60 minutes and 1 mL after 2, 6, 24 hours. The samples were diluted to 

10 mL using a solution containing 0.32 M HNO3 and 0.02 M HF. 

 2.8. FIELD MEASUREMENTS 

Sampling was conducted in the Brubäcken Stream, located outside Boliden town in northern 

Sweden. The stream is natural but affected by the nearby concentration plant where copper, 

zinc, lead, silver and gold are concentrated from sulfide ores (www.boliden.se). Concentration 

is performed through milling and flotation and the waste product, tailings sand, is deposited in 

the tailing pond and covered with water, to prevent sulfide oxidation. The effluent water is pH 

adjusted to >8 and thereafter through a canal transferred to Brubäcken Stream.  

Two locations in Brubäcken Stream, were sampled during spring/summer/fall season 2008 

and 2009. The sampling points were located at the in- and out flow of Bruträsket Lake (RT90 

coordinates: upstream site x: 7198830, y: 1714710; downstream site x: 7196690; y: 175580). 

In 2008 FH DGT devices (DGT Research, Lancaster, UK) were deployed and retrieved in 

intervals of 1-3 weeks. Water samples were taken at every occasion. Syringe filtration (<0.45 

�m) was performed in field and samples were analyzed for As, Mo, Sb, and V at ALS 

Scandinavia laboratory. DOC was determined in <70 �m fraction, after vacuum filtration. In 

addition, temperature, pH and conductivity were measured in situ using a calibrated water 

sonde. Water flow velocity was estimated using a mechanical flow meter (General Oceanics). 

In 2009 the sampling procedure was identical but water samples were only taken at a few 

occasions, and only W results are presented.  

Blank DGT devices were eluted and analyzed along with the exposed DGT devices, and the 

procedural blank results were subtracted from the accumulated mass before concentration 

calculations. To calculate DGT concentrations of As, Mo, Sb, V and W in exposed DGT 

devices, Deff determined from experiments described above were used. Calculations were 

performed using Eq. 3 (Davison and Zhang 1994): 

tAD
gMC

eff ��
��

�      Eq. 3 
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3. Results and discussion 

3.1. pH DEPENDENCE ON ADSORPTION  

pH effects on the binding of the anions to ferrihydrite were examined at pH 4, 6 and 8. From 

10 mL solutions containing 100 �g L-1 per analyte, the uptake directly to a ferrihydrite geldisc 

was monitored for 24 hours. The experimental values were used to model the adsorption for 

the analytes at the different pH values. The reactions were fitted to first order kinetics and are 

presented along with the experimental values in Figure 1. The numerical procedure is 

described elsewhere (Atkins, 1990). Already after 2 hours, more than 95% of arsenate, 

molybdate, vanadate and tungstate were adsorbed at all three pH values, and after 24 hours 

 

Figure 1. Uptake of arsenate, molybdate, antimonate, tungstate and vanadate directly to ferrihydrite 

geldiscs at pH 4 (crosses), 6 (open triangles) and 8 (closed squares) after five minutes to 24 hours. After 

two hours >95% of As, Mo, V and W were adsorbed. 
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the concentration left in solution was negligible. There seems to be no, or only very small, 

differences in the adsorption rate at the different pH values. Slower and weaker adsorption 

was observed for antimonate, and the effect was slightly larger at higher pH, but still more 

than 93% was adsorbed in 24 hours, and this is assumed to be good enough for quantitative 

DGT measurements. Clarisse and Hintelmann (2006) found the figure of 75% adsorption 

within 24 hours suitable as a rule of thumb for methyl-Hg adsorption to a thiol-backed DGT. 

DGT quantification relies on rapid binding to keep the analyte concentration to effectively 

zero at the binding surface and this generates the development and maintenance of a 

concentration gradient from the bulk solution through the diffusive layer (Zhang and Davison 

1995). The adsorption rate reflects the relative binding kinetics of the anions to ferrihydrite. 

Fastest adsorption was observed for vanadate and slowest for antimonate at all tested pH 

values. The following order was observed at pH 6 and 8: V > As � W > Mo > Sb. At pH 4 

there was a shift between arsenate and molybdate resulting in the series: V � Mo > W � As > 

Sb.  

3.2. DIFFUSION COEFFICIENT DETERMINATIONS 

The estimated diffusion coefficients of arsenate, molybdate, antimonate, vanadate and 

tungstate from diffusion cell experiments (DDC), recalculated to 25 ºC (Davison and Zhang 

1995?), are presented in Table 1. pH of the solution was 6.4 and the temperature variation 

during the diffusion cell experiment was less than ±0.5 ºC. Visual Minteq 3.0 software 

(available at www.lwr.kth.se/English/OurSoftware/vminteq/) was used to confirm that no 

complexation between the analytes could be expected in the mixture. Along with our results, 

previous measurements of diffusion coefficients for molybdate and arsenate are shown for 

comparison. Though DGT has been used before for vanadate, molybdate, antimonate and 

tungstate measurements in sediments (Stockdale et al. 2008 and 2010), there are no reported 

diffusion coefficients.  

Diffusion coefficients were also measured through accumulation of the analytes to DGT 

devices after 24 hours exposure at known concentrations. These effective diffusion 

coefficients, Deff, were determined at three different pH values; pH 4.1, 6.2 and 7.9. Deff, 

recalculated to be valid at 25 ºC, are presented in Table 1. Deff corresponds well to DDC 

determined using the diffusion cell. For As, W and V there are only small discrepancies in Deff 

at the different pH values, but for Mo and Sb there is a 40% decrease at the highest pH. For 

Sb this could partly be attributed to the decreased adsorption at high pH, discussed above. 
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Brinza et al. (2008) reported decreased Mo adsorption already at pH 7, and Gustavsson (2003) 

saw that little molybdate adsorption occurred at pH values above 9 under given experimental 

conditions and that tungstate adsorbed stronger than molybdate to ferrihydrite, which is in 

accordance with our results. 

From Table 1 it can be seen that there are some discrepancies of the coefficients of molybdate 

and arsenate determined in this work, compared to previous measurements (Mason et al. 

2005, Fitz et al. 2003, Panther et al. 2008). However, it should also be noted that there is a 

spread in already reported values. While Fitz et al. (2003) estimated the diffusion coefficient 

of arsenate to 6.01·10-6 cm2s-1at pH 8.2, Panther et al. (2008) got the value 4.98 ·10-6 cm2s-1 at 

pH 5 (both values are recalculated to be valid at 25 ºC). The differences could for example be 

attributed to differences in matrix composition, pH and/or the precision and accuracy 

associated to the diffusion cell method. These could for example be small discrepancies in 

diffusive boundary layer thickness caused by different stirring rates (Zhang and Davison 

1995) and measurements of the diffusive gel thickness or the area of the connecting hole 

between the cell compartments etc. 

Diffusion coefficient measurements were conducted in 0.01 M NaNO3 matrix. The general 

consistency of Deff and DDC indicates that the high NO3
- concentration had no adverse effects 

on analyte adsorption, which would appear as decreased Deff compared to DDC, as a result of 

competition between the anionic analytes and nitrate for the adsorption sites. Recent 

Table 1. Diffusion coefficients ·10-6 cm2 s-1 measured using diffusion cell and DGT devices at different pH 

values. Valid at 25 ºC. Uncertainties represent 95% confidence interval of regression line from diffusion 

cell measurements, minimum / maximum values of duplicate DGT devices and 95% confidence interval 

calculated from all measurements included in mean Deff.  

  
DDC  

pH 6.4 

Deff 

pH 4.1 

 

pH 6.2 pH 7.9 

Deff 

mean 

Literature 

As(V) 5.21±0.16 5.48±0.06 5.54±0.29 4.78±0.07 5.26±0.28 6.01±0.15b, 4.4/4.2c, 

4.98±0.36/5.03±0.05d 

Mo(VI) 5.96±0.19 5.14±0.08 5.70±0.13 3.27±0.28 5.42±0.20a 6.48e 

Sb(V) 5.55±0.20 5.50±0.12 5.25±0.11 3.27±0.15 5.38±0.09a  

W(VI) 5.45±0.20 5.32±0.13 5.82±0.10 5.53±0.02 5.56±0.56  

V(V) 6.72±0.27 6.50±0.26 6.69±0.32 6.78±0.16 6.66±0.67  
a Deff at pH 7.9 were not included in calculated mean value 
b Fitz et al. 2003 
c Sogn et al. 2008 
d Panther et al. 2008 
e Mason et al. 2005 
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investigations have shown that fulvic acids have no significant effect on arsenic accumulation 

to FH DGT (Panther et al. 2008). Further, arsenic uptake in a synthetic fresh water, containing 

high concentrations of major anions and cations, was according to prediction, implying that 

these have negligible effects on arsenic adsorption. Equivalent performance is assumed to 

apply for the analytes in the present study. 

3.3. ELUTION EFFICIENCY 

Using 1.6 M HNO3 as eluent dissolves the ferrihydrite completely and therefore 100% elution 

efficiency should be expected. This is true for the results seen here. The recovery of the 

elution using 10 mL 1.6 M HNO3 was between 94% and 104% for all five analytes and 

independent of the loaded mass (10-1000 ng). The same results were experienced for arsenate 

elution by Panther et al. (2008), using 2 mL concentrated HCl, and Fitz et al. (2003), using 4 

mL concentrated HNO3 at 80 ºC. The hot elution and the high acid concentration caused not 

only the ferrihydrite to dissolve, but also the polyacrylamide gel. Upon dilution prior to 

analysis, parts of the polyacrylamide re-precipitated, making a filtration or centrifugation step 

necessary. The acid concentration and temperature in our work were not high enough to 

dissolve the polyacrylamide gel within the 24 hours elution time, which benefits to decrease 

eventual matrix effects during analysis and simplifies the sample preparation procedure. HCl 

could not be recommended as eluent when using ICP-MS for As analysis due to isobaric 

interference from 40Ar35Cl on the only arsenic isotope, 75As. However, there might be 

opportunities to resolve it using high resolution mode or adding methane auxiliary gas 

(Rodushkin et al. 2005). 

3.4. LOD AND LOQ 

LOD and LOQ of the method, expressed as ng/DGT, were determined from ten blank DGT 

devices and are presented in Table 2. In addition solution LOQ, i.e. required DGT-labile 

concentration in bulk solution to obtain LOQ in ng/DGT device, was calculated using mean 

diffusion coefficients from Table 1 and assuming seven days exposure in 15 ºC.  

LOD has been determined for Mo to 4.0 ng/DGT in a DGT device containing both 

ferrihydrite and Chelex adsorbents (Mason et al. 2005). This is in line with our LOD 

determined to 3 ng/DGT. Batch variations can still not be excluded, and it is recommended to 

include  a  blank  DGT  in  analysis,  especially   if  the  expected   concentrations  are  low  or  
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deployment times short. Blank contribution does not only originate from the DGT device. 

Reagents and equipment used during elution are also factors that should be considered. 

3.5 FIELD APPLICATION 

Spring flood in Brubäcken Stream was observed 24 April to 1 June in 2008 and a few dates 

later, 27 April to 7 June, in 2009. During these periods the water flow was up to 10 times 

higher than normal summer flow. In 2009 a second smaller peak in the water flow was seen in 

the end of July. Similar water discharge was measured in both sampling points. Minimum 

conductivity, 200 �S cm-1 both years, was detected when the water flow peaked. Lower 

conductivity was measured in the downstream point. Generally the conductivity was 600-700 

�S cm-1 in 2008 and 500-600 �S cm-1 in 2009, in the upstream point and 350-450 �S cm-1 in 

2008 and 500-600 �S cm-1 in 2009, in the downstream point. pH peaked during snow melt 

and was similar at the two sampling points but thereafter varied between 6.2 and 7.5 in both 

years. The same DOC concentrations were measured at the two locations in 2008. During 

summer this corresponded to 6-8 mg L-1. In the end of April and early September, DOC 

values of 11 mg L-1 were detected. After September a constant decrease down to 4 mg L-1 was 

observed when the sampling season ended.  

Time series of dissolved (<0.45�m) and DGT concentrations of As, Mo, Sb and V from 

sampling season 2008 are presented along with pH results in Figure 2. There is clearly a 

correlation between dissolved concentrations and DGT measurements. During spring flood 

there was a release of all four elements, and this was also reflected in DGT concentrations of 

As and V. For Sb and especially Mo the DGT concentrations were very low. This is most 

probably due to weaker binding of these anions to ferrihydrite at high pH, which was 

indicated for both molybdate and antimonate during determination of apparent diffusion 

coefficient experiments evaluated above, and for antimonate also in the adsorption tests.  

Table 2. Method LOD and LOQ determined from 10 unexposed DGT devices. Solution LOQ corresponds 

to required concentration in bulk solution to obtain method LOQ 

 LOD (ng/DGT) LOQ (ng/DGT) Solution LOQ (ppb) 

As 5 10 0.1 

Mo 3 4 0.05 

Sb 0.3 0.4 0.005 

W 0.2 0.5 0.005 

V 0.4 0.6 0.007 



 12 

 
Figure 2. Dissolved (< 0.45 �m) and DGT concentrations of As, Mo, Sb and V and pH upstream (left) and 

downstream (right) Bruträsket Lake, 2008. 
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When pH decreased from 8.7 to 6.7, the DGT results became more reliable. Decreased 

accumulation of Mo and Sb at high pH was confirmed during spring flood, measured at the 

downstream location in 2009 (data not shown). When dissolved concentrations were 88 and 

16 �g L-1 for Mo and Sb, respectively, DGT concentrations were only 0.6 and 2.6, 

respectively. pH was determined to 9.7. It should though be noted that low Mo accumulation 

could probably also be expected if Mo was present in another oxidation state than the 

assumed Mo(VI), but this does not hold for antimony since not only Sb(V) but also Sb(III) 

has been shown to adsorb to iron oxides (e.g. Wilson et al. 2010). Further investigations of 

antimonite (Sb(III)) accumulation to ferrihydrite DGT could therefore be of interest. During 

the second half of the sampling period the relative difference between dissolved and DGT 

concentration increased. The effect was more pronounced in the upstream sampling point. At 

the same time a red-brownish precipitation was observed on the DGT devices and protective 

filters. The filters were eluted following the DGT elution protocol, described in the 

experimental section, and analyzed. The precipitate contained a lot of iron that was assumed 

to be ferric oxide. This may of course have affected the diffusion through the filter and iron 

oxide precipitate layer due to interaction between analytes and the precipitate. However, if the 

precipitation on the filter was the result of higher colloidal iron concentrations this can in turn 

have increased colloidal bound anions in solution, and the observed effect on accumulated 

mass would be the same. Panther et al. (2008) saw from laboratory experiments that arsenic 

uptake to FH DGT was decreased in the presence of colloidal iron and it is reasonable to 

assume that other anions will be affected similarly. Precipitation on the protective filter has 

not been reported as an issue, but to avoid adverse effects when it is a problem, the DGT 

exposure time can be shortened, provided that the analyte concentrations are high enough for 

quantification in the eluates. Similar effects have been seen from biofilm development due to 

algal growth and suspended materials adhered to the DGT and protective filter (Pichette et al. 

2007). In nutrient rich fishery farms, where phosphate measurements were conducted, a 

biofilm was detected for deployments lasting longer than seven days, and after 14 days 

adhesion of suspended materials became problematic. This interference is also decreased by 

shortening the deployment time. 

DGT measurements of tungsten were conducted in 2009 and the results are presented in 

Figure 3. There was a release of tungsten during snow melt detected at both locations. The 

concentration thereafter decreased continuously until middle of June when it stabilized. 

Approximately the same concentrations were measured in upstream and downstream 

locations, which may indicate that no transformation affecting the speciation occurred in the 
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lake. DGT concentrations were in the same range as dissolved concentrations, implying low 

degree of complexation. 

4. Conclusions 

It has been shown from laboratory experiments and field measurements that FH DGT is 

suitable for simultaneous determination of labile arsenic, molybdate, antimonate, vanadate 

and tungstate over a wide pH range. However, at high pH, �8, diminished adsorption was 

observed for molybdate and antimonate. 100% elution efficiency was achieved using 1.6 M 

HNO3 containing 0.1 M HF. Diffusion coefficients in the protective membrane filter and 

diffusive gel were determined at several pH values using a diffusion cell and direct uptake to 

DGT devices. There was good agreement between the methods. Fast and strong adsorption of 

the anions to ferrihydrite geldiscs were observed, helping to develop and maintain the 

concentration gradient built up in the diffusion layer during deployment.  

Two locations in the same freshwater stream were sampled under varying conditions. It was 

seen that DGT concentrations of the analytes followed the dissolved concentrations. DGT 

results were generally lower than the corresponding filtered (<0.45 �m) concentrations, which 

is normal when complexation with colloids could be expected.  

Acknowledgements 

This work has been carried out with financial support from the Swedish Research Council 

#621-2005-3680, the Swedish Governmental Agency for Innovation Systems (VINNOVA), 

the mining companies LKAB, Boliden Mineral AB and The Adolf H Lundin Charitable 

Foundation. We are grateful for permission from Boliden Mineral to publish data from 

Brubäcken Stream. Dmytro Siergieiev is acknowledged for assistance during field sampling. 

 
Figure 3. Dissolved (< 0.45 �m) and DGT concentrations of W upstream (left) and downstream (right) 

Bruträsket Lake, 2009. 

 



 15

References 

Atkins, P.W. Chap. 26 in: Physical Chemistry. 1990. 4th ed., Oxford University Press, 

Suffolk, Great Britain. 

Axelsson, M.D., Rodushkin, I., Ingri, J., Öhlander, B. Multielemental analysis of Mn-Fe 

nodules by ICP-MS: Optimisation of analytical method. Analyst 2002; 127:76-82. 

Brinza, L., Benning, L.G., Statham, P.J. Adsorption studies of Mo and V onto ferrihydrite. 

Mineral. Mag. 2008; 72:385-8. 

Clarisse, O., Hintelmann, H. Measurements of dissolved methylmercury in natural waters 

using diffusive gradients in thin films (DGT). J. Environ. Monit. 2006;8:1242-7. 

Cruywagen, J.J. Protonation, oligomerization, and condensation reactions of vanadate(V), 

molybdate(VI), and tungstate(VI). Advanc. Inorg. Chem. 2000;49:127-82. 

Davison, W., Zhang, H. In situ speciation measurements of trace components in natural 

waters using thin-film gels. Nature 1994;367:546-8.   

Fitz, W.J., Wenzel, W.W., Zhang, H., Nurmi, J., Kamil, S, Ficherova, Z., Schweiger, P., 

Köllensperger, G., Ma, L.Q., Stingeder, G. Rhizosphere characteristics of the arsenic hyper 

accumulator Pteris Vittala L. and monitoring of phytoremoval efficiency. Environ. Sci. 

Technol. 2003;37:5008-14. 

Gustavsson, J.P. Modelling molybdate and tungstate adsorption to ferrihydrite. Chem. Geo. 

2003;200:105-15. 

Lead, J.R., Davison, W., Hamilton-Taylor, J.; Buffle, J. Characterizing colloidal material in 

natural waters. Aq. Geochem. 1997;3:213-32. 

Mason, S., Hamon, R., Nolan, A., Zhang, H., Davison, W. Performance of a mixed binding 

layer for measuring anions and cations in a single assay using the diffusive gradients in thin 

films technique. Anal. Chem, 2005;77:6339-46. 

Panther J.G., Stillwell, K.P., Powell, K.J., Downard, A.J. Development and application of the 

diffusive gradients in thin films technique for the measurement of total dissolved inorganic 

arsenic in waters. Anal. Chim. Acta 2008;622:133-42. 

Pitchette, C., Zhang, H., Davison, W., Sauvé, S. Preventing biofilm development on DGT 

devices using metals and antibiotics. Talanta 2007;72:716-22. 

Rodushkin, I., Nordlund, P., Engström, E., Baxter, D.C. Improved multi-elemental analyses 



 16 

by inductively coupled plasma-sector field mass spectrometry through methane addition to the 

plasma. J. Anal. At. Spectrom. 2005;20:1250-5.  

Sogn, T.A., Eich-Greatorex, S., Røyset, O. Øgaard, A.F., Almås, Å.R. Use of diffusive 

gradients in thin films to predict potentially bioavailability selenium in soil. Comm. Soil Sci. 

Plant Anal. 2008;39:587-602. 

Stockdale, A., Davison, W., Zhang, H. High-resolution two-dimensional quantitative analysis 

of phosphorus, vanadium and arsenic, and qualitative analysis of sulfide, in freshwater 

sediment. Environ. Chem. 2008;5:143-9. 

Stockdale, A., Davison, W., Zhang, H. 2D simultaneous measurements of the oxyanions of P, 

V, As, Mo, Sb, W and U. J Environ. Monit. 2010;12:981-4. 

Turner, D.R., Whitfield, M., Dickson, A.G. The equilibrium speciation of dissolved 

components in freshwater and seawater at 25ºC and 1 atm pressure. Geochim. Cosmochim. 

Acta 1981;45:855-1. 

Warnken, K.W., Zhang, H., Davison, W. In situ monitoring and dynamic speciation 

measurements in solution using DGT. Chap. 11 in: Comprehensive analytical chemistry, vol 

48 Passive sampling techniques in environmental monitoring. Eds. Greenwood, R., Mills, G., 

Vrana, B., 2007, Elsevier, The Netherlands. 

Wilson, S.C., Lockwood, P.V., Ashley, P.M., Tighe, M. The chemistry and behavior of 

antimony in the soil environment with comparisons to arsenic: A critical review. Environ. 

Poll. 2010;158:1169-81. 

Zhang, H., Davison, W. Performance characteristics of diffusion gradients in thin films for the 

in situ measurement of trace metals in aqueous solution. Anal. Chem. 1995;67:3391-3400. 

Zhang, H., Davison, W. Diffusional characteristics of hydrogels used in DGT and DET 

techniques. Anal. Chim. Acta 1999;398:329-40.  

Zhang, H., Davison, W., Gadi, R., Kobayashi, T. In situ measurement of dissolved 

phosphorus in natural waters using DGT. Anal. Chim. Acta 1998;67:29-38. 

 



II



 



 1

Copper and nickel in ultrafiltered brackish water; labile or non-labile? 
 

HELÉNE ÖSTERLUND1,2*, JOHAN GELTING1, FREDRIK NORDBLAD1, DOUGLAS C. 

BAXTER2 AND JOHAN INGRI1 

 

1Division of Applied Geology, Luleå University of Technology, S-971 87 Luleå, Sweden 
2 ALS Laboratory Group, Scandinavia AB, Aurorum 10, S-977 75 Luleå, Sweden 

 
*Corresponding author phone: +46 (0)920 289968; fax: +46 (0)920 289941; e-mail: 

helene.osterlund@alsglobal.com 

 

Abstract  

Copper and Ni were sampled at three stations in the Baltic Sea using diffusive gradients in 

thin films (DGT) passive samplers and ultrafiltration (<1 kDa). Two versions of DGTs were 

used, the normal open pore (OP) and a restricted pore (RP). The OP DGT and RP DGT 

concentrations closely followed each other both in depth profiles and time series. The lack of 

significant difference between OP and RP DGT suggests that the labile complexes were 

smaller than the pore size of the RP gel (approximately 1 nm). These data together with OP 

DGT measurements at the same location two different years clearly demonstrate that the DGT 

method is robust and shows reproducible results during routine field conditions. 

Between 50 and 80% of the ultrafiltered fractions for Ni and Cu could not be detected by the 

DGT method, using standard procedures. This suggest the presence of complexing ligands for 

Cu and Ni. Assuming 100% complexation of Ni to fulvic acid ligand gave DGT 

concentrations similar to ultrafiltered Ni concentrations. The equivalent calculation for Cu 

indicate that up to 75% of the ultrafilterd Cu fraction is non-labile. The inert Cu complexes 

are proposed to be produced at sea since the fraction increases with decreasing terrestrial 

influence.  

 

Keywords: DGT, diffusive gradients in thin films, open pore, restricted pore, ultrafiltration, 

trace metal speciation, Cu, Ni, the Baltic Sea.  
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Abbreviations 

DBL diffusive boundary layer 

DGT  diffusive gradients in thin films 

FA fulvic acid 

FH DGT ferrihydrite-backed DGT 

kDa 1000 Dalton  

OP open pore 

RP restricted pore  

RSD relative standard deviation 

1. Introduction 

Metals are distributed between three major fractions in natural water, particles, colloids and a 

soluble fraction. It is generally assumed that only the soluble fraction, also called the truly 

dissolved fraction or ultrafiltered fraction, is directly bioavailable and prone to scavenging. It 

is therefore of vital importance to study this fraction in natural systems. However, 

measurements of the soluble fraction are difficult. A number of different filters have been 

used to define these fractions. A 1 kDa ultrafilter is commonly used to define the soluble 

fraction, whereas particles usually are defined by a 0.2 �m membrane filter. Diffusive 

gradients in thin films (DGT) (Davison and Zhang, 1994) offers a relatively simple, in-situ 

method, for measurements of the soluble fraction. The method has been applied to e.g. 

brackish- (Forsberg et al. 2006) lake- (Alfaro-De la Torre et al. 2000, Odzak et al. 2002) 

river- (Andersson et al. 2006, Aung et al. 2008) and wastewater (Buzier et al. 2006). The 

principle is thoroughly described elsewhere (Zhang and Davison 1995). Briefly, the DGT 

sampling device contains a binding layer, commonly containing Chelex 100 cation exchanger, 

covered by a polyacrylamide hydrogel and a protective membrane filter. The membrane filter 

is exposed to the bulk solution through an opening in the sampling device. The hydrogel and 

membrane filter allow free diffusion of analytes, smaller than the hydrogel pore size, from the 

bulk solution to the binding layer, where adsorption and accumulation occurs.  

Accumulated species in the DGT sampler are determined by their size and lability. The size is 

defined by the diffusion gel, which in the traditional open pore (OP) DGT (by others also 

denoted APA2) has a pore size of about 5 nm, and restricted pore (RP) version about 1 nm 

(Zhang and Davison 1999). The retardation of larger complexes is more pronounced in the 

restricted gel, resulting in different fractions being accumulated in these two DGT versions 
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(Zhang and Davison 2000, Zhang 2004). Consequently, a OP/RP DGT speciation method has 

been developed and compared with speciation models (Zhang 2004, Allan et al. 2007), anodic 

stripping voltammetry (Zhang 2004, Scoullos et al. 2006) and ultrafiltration (5 kDa; Allan et 

al. 2007) in attempts to identify the species accumulated by the DGT samplers (Zhang 2004). 

Tusseau-Vuillemin et al. (2004) investigated the use of OP and RP DGT to measure copper’s 

induced lethality on Daphnia magna in organic ligand spiked natural water. Aung et al. (2008) 

performed in situ DGT sampling in the Tama River, Japan, to determine trace metal 

speciation over a period of time with varying flow conditions. 

OP and the RP DGT should more or less mimic ultrafiltration with a 1 kDa filter. Forsberg et 

al. (2006) tested this in the Baltic Sea, comparing OP DGT technique with ultrafiltration (1 

kDa). DGT concentrations for Zn, Cd and Mn showed excellent agreement with ultrafiltered 

values (1 kDa). However, Ni and especially Cu DGT-labile concentrations were consistently 

lower than ultrafiltered concentrations. The data by Forsberg et al. (2006) suggest that major 

fractions of soluble Cu and Ni in the Baltic Sea are in a non-labile, non-reactive form, 

possibly little involved in bio-uptake and scavenging processes.  

To validate the data by Forsberg et al. (2006), and test the robustness of the DGT-method, 

samples in this study were taken at three stations at different salinities, using both OP-DGT 

and RP-DGT. Carbon fractograms from the Baltic Sea indicated an organic fraction with a 

relative mass around 0.5-3 kDa with maximum at 1 kDa (Hassellöv 2005). Hence, the OP 

DGT sampler should register this fraction, if labile, whereas the RP sampler to a lesser extent. 

We have therefore used both OP and RP DGT in this study to assess whether Ni and Cu are 

associated with this carbon fraction.  

2. Materials and Methods  

2.1. FIELD SITES 

Sampling was conducted at three brackish water locations in the Baltic Sea; the Bothnian Sea 

(at station C3), Landsort Deep (at station BY31) and Gotland Deep (at station BY15). Figure 

A depicts the locations of the sampling sites. Total depths at the stations are 293, 459 and 249 

m for Bothnian Sea, Landsort Deep and Gotland Deep, respectively. The salinity in the Baltic 

Sea increases from north (Bothnian Sea) to south (Gotland Deep) and with depth, but was 

relatively constant through the sampling periods. The mean salinity of the surface water was 

5.3, 6.4 and 7.5 psu in the Bothnian Sea, Landsort Deep and Gotland Deep, respectively. 
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2.2 DISCRETE SAMPLING 

Water samples for subsequent filtration were taken at 5 m depth (approximately the middle of 

the upper mixed layer). Samples from the Bothnian Sea were taken from April to September 

2006 and at the Gotland Deep station during 2007, from May to August, at 5 m depth for both 

stations. No filtration was performed on samples taken from Landsort Deep in 2005. To avoid 

metal contamination from the hull, a piece of tubing was attached to a flagpole protruding 

horizontally 10 m out from the bow of the ship. Water was pumped through the tubing by a 

peristaltic pump (Masterflex, Colepalmer) into 25 L poly-ethylene containers. Prior to use, all 

sampling tubings and containers used for metal analysis were acid-cleaned in 5% HCl with 

subsequent washing in Milli-Q purified water (Millipore, >18.2M�). Water samples were 

also taken from 0.5, 5, 10, 40 and 100 m depth at Landsort Deep, 0.5, 5, 10 and 40 m in the 

Bothnian Sea and at Gotland Deep from depths of 0.5, 5, 10, 40, 80 and 120 m using a 

Niskin-type water sampler (Hydrobios). These were later analyzed for elemental composition 

without filtration. 

 

FIGURE 1. Sampling sites: Bothnian Sea (C3), Landsort Deep (BY31) and Gotland Deep (BY15) in the 

Baltic Sea. 
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2.3. CROSS-FLOW ULTRAFILTRATION 

Cross-flow ultrafiltration is based on size separation, defined by the filter pore size, and 

carried out in the laboratory. The time elapsed between sample collection and filtration may 

change the speciation, and should therefore be as brief as possible (e.g. Lead et al. 1997). 

Ultrafiltration commenced within 24 hours after collection and was performed on water 

samples taken at 5 m depth from the Bothnian Sea and Gotland Deep. Prior to ultrafiltration 

the water samples were filtered through a 0.22 �m nitrocellulose filter membrane. 

Ultrafiltration was carried out on a Millipore Prep/Scale system (Prep/Scale Spiral Wound 

TFF-6 module) with cut-off of 1 kDa. Approximately 12 L of water sample were used for 

ultrafiltration after collecting and discarding 0.5 L permeate to prime the system. Before the 

ultrafiltration procedure began, sample water was circulated through the system. The 

concentration factor of the retentate was above 10 to achieve good recovery, as recommended 

by Larsson et al. (2002). The cross flow ratio (retentate flow/permeate flow) was between 60 

and 80. After every ultrafiltration the system was washed with acid (0.01 M HNO3) and base 

(0.01 M NaOH) solutions before rinsing with Milli-Q water, as described by Ingri et al. 

(2000). 

2.4. DIFFUSIVE GRADIENTS IN THIN FILMS 

OP and RP DGT samplers with Chelex 100 binding gels were purchased from DGT Research 

Inc. (Lancaster, UK). The thicknesses of the diffusive gels were specified by the manufacturer 

to be 0.080 and 0.076 cm for OP and RP, respectively. All DGT sampling was carried out in 

situ. DGT measurements were performed at several depths (the same as listed in section 2.2) 

and DGT devices were deployed in duplicates. The exposure time for DGT samplers varied 

between four and 10 weeks. Temperature loggers (StowAway TidbiT, Onset Computer 

Corporation) were attached to the DGT units, logging the temperature every fifth hour. The 

mean temperature of the deployment period was used to recalculate the diffusion coefficient 

in the gel. DGT concentrations ([Me]DGT) were calculated according to Eq. 1 (Warnken et al. 

2007). 
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where M is the accumulated mass, t the deployment time and A the accumulation area, 

assumed to be equal to 3.8 cm2 (Warnken et al. 2006). �gel, �f and � are the thicknesses of the 

diffusive gel, protective membrane filter and diffusive boundary layer (DBL), respectively. � 



 6 

was set to 0.23 mm, which is reasonable to expect in moderate to well mixed waters 

(Warnken et al. 2006). Dg, Df and Dw are the diffusion coefficients of the diffusive gel, 

protective membrane filter and DBL, respectively. Diffusion coefficients were according to 

Scally et al. (2006). Coefficients determined at 0.1 M ionic strength were applied in this work. 

Analytes were assumed to have the same diffusion coefficient in the membrane filter as in the 

OP gel, and slightly higher in the DBL.  

2.5 ANALYSIS 

Cu and Ni in water samples and DGT eluates were determined using inductively coupled 

plasma-sector field mass spectrometry (ICP-SFMS; Element or Element 2, Thermo Finnigan). 

Two elution methods for the Chelex gels were applied. In 2005 the gels were eluted in 5 ml 5 

M HNO3. After 2005 the gels were eluted in 10 ml 1.6 M HNO3 in 12 ml test tubes (Sarstedt) 

on a planar shaking table. Eluates were diluted five-fold prior to analysis. The recovery was 

assumed to be 100% (Sangi et al. 2002). All handling was performed under class 100 clean 

bench conditions. Blank DGT samplers were eluted and analyzed in parallel with the exposed 

devices. Mean blank values were subtracted from exposed DGT values. Organic carbon 

content was determined at Umeå Marine Science Centre (Norrbyn, Sweden) using a high-

temperature catalytic oxidation instrument (Shimadzu TOC 5000).  

3. Results and discussion 

3.1 ROBUSTNESS AND PRECISION OF DGT MEASUREMENTS 

Concentrations of dissolved Cu and Ni at 5 m depths (Figures 2 and 3) are in the same range 

as previously measured in the Baltic Sea (Brügmann et al. 1992) and the eastern Gotland 

Basin (Strady et al. 2008). Total concentrations of Cu and Ni greatly exceeded DGT 

concentrations at all depths, as illustrated in Figures 4, 5 and 6. The concentrations of Ni were 

relatively constant over time and with depth, regarding both DGT and total concentrations. Cu 

concentrations showed the same trend as Ni down to 40 m depth. In measurements below 40 

m, in Landsort Deep and Gotland Deep, a distinct decrease was observed in total 

concentrations and in DGT concentrations. The same pattern was observed by Strady et al. 

(2008) from measurements of dissolved concentrations in the eastern Gotland Basin. Others 

(Pohl and Hennings 2005, Pempowiak et al. 2000, Brügmann et al. 1998) have, at the same 

location, found a similar decrease in the intermediate zone between the halocline and 
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redoxcline at 60-80 m depth resulting in five times lower concentrations in the anoxic zone 

(Paul and Hennings 2005). 

The results of the present DGT measurements are consistent with earlier data for Landsort 

Deep (Forsberg et al. 2006). Maximum, minimum and mean concentrations of OP DGT 

measurements of Cu and Ni in Landsort Deep in 2004 and 2005 are presented in Table 1. The 

consistency of the results between the two years affirms the robustness and reproducibility of 

the DGT technique.  

The precision of the DGT measurements was estimated from several duplicates (35-40). The 

relative difference of accumulated masses to the two samples within each duplicate 

measurement was regarded as an independent measurement and the relative difference of all 

Figure 2. Time series of dissolved (<0.22 �m), ultrafiltered (<1 kDa) and DGT concentrations of Ni 

(upper left) and Cu (upper right) at 5 m depth in Bothnian Sea, 2006. DOC in dissolved and ultrafiltered 

fractions (middle left), pH (middle right) and phosphate (lower left) at 5 m depth. Chlorophyll a (lower 

right) concentrations integrated from 0-10 meters depth. 
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duplicates were pooled to estimate the relative standard deviation (RSD). RSDs were 

determined to be 16% and 15% for Cu and 9% and 8% for Ni, for OP and RP DGT 

respectively. Details of the RSD calculation procedure are given elsewhere (Minkkinen 1986).  

Repeatability better than 5% has been achieved for Cu and Cd measurements in laboratory 

tests (Warnken et al. 2005), but inferior precision must be expected in field studies. For 

example Cleven et al. (2005) have determined mean RSD values for OP DGT measurements 

to 28% and 17% for Cu and Ni, respectively (N=2-5). For 10 replicates, Aung et al. (2008) 

obtained RSDs for Ni in OP and RP DGT to 22% and 18%, respectively. These values are 

more in line with the results of our measurements, though the RSDs were estimated using 

other numerical procedures.  

Figure 3. Time series of dissolved (<0.22 �m), ultrafiltered (<1 kDa) and DGT concentrations of Ni 

(upper left) and Cu (upper right) at 5 m depth in Gotland Deep, 2007. DOC in dissolved and ultrafiltered 

fractions (middle left) and pH (middle right) at 5 m depth. Chlorophyll a (lower left) concentrations 

integrated from 0-10 meters depth. 
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3.2 RP DGT MEASUREMENTS 

The OP DGT and RP DGT concentrations closely follow each other both in depth profiles 

and time series. This clearly underline the robustness of the DGT-method, and is also an 

indication of the overall precision of the whole DGT-procedure.  

Expressing [Me]DGT RP as a percentage of [Me]DGT OP at the three locations gave mean values 

of 80, 89 and 84% for Cu and 82, 89 and 84% for Ni in Landsort Deep, the Bothnian Sea and 

Gotland Deep, respectively. Though there appears to be a systematic difference between the 

two DGT techniques, the systematic difference is too small, compared to the precision of the 

method, to facilitate accurate speciation calculations for each specific measurement. However, 

the small differences between [Me]DGT OP and [Me]DGT RP, suggest that the labile complexes 

were smaller than the pore size of the RP gel. The smaller the organic complexes, the less the 

difference between OP and RP DGT concentrations is to be expected, since the same fractions 

will, in principle, be accumulated.  

3.3 CU AND NI SPECIATION AT 5 METERS DEPTH  

In the Bothnian Sea and Gotland Deep the ultrafiltered concentrations of Cu and Ni were 

systematically higher than DGT concentrations, at 5 m depth (Figure 2 and 3), as also was 

seen in Landsort Deep in 2004 (Forsberg et al. 2006). OP DGT results in percentage of 

corresponding ultrafiltered concentrations were calculated and are presented in Table 2. It can 

be seen that the [Cu]OP DGT / ultrafiltered ratio increased through the season from 25% to 44% 

in the Bothnian Sea and was generally lower in the Gotland Deep. The relative Ni 

concentration was higher, and varied between 46% and 59% at both stations. There is one 

obvious reason for the lower DGT concentrations: all calculations were based on the diffusion 

coefficients of free Cu and Ni, though Cu (Croot 2003, Twiss and Moffet 2002) and Ni 

(Martino et al. 2004, Achterberg et al. 1997) are known to be complexed. Complexes diffuse 

Table 1. Minimum, mean and maximum OP DGT concentrations (�g L-1) of Cd, Ni, Zn and Cu measured 

in Landsort Deep in 2004 and 2005 

Analyte Year Min Mean Max 

Ni 2004 3.3 4.2 5.2 

 2005 4.2 4.5 5.2 

Cu 2004 0.81 1.4 1.8 

 2005 0.94 1.2 1.7 
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more slowly than free ions and using the higher diffusion coefficient of the latter results in 

underestimation of concentrations (Scally et al. 2006). The presence of small organic colloids 

was verified by DOC measurements on the ultrafiltered fraction <1 kDa (Figure 2 and 3). If 

we assume that all Cu and Ni accumulated in the OP DGT are complexed and that these 

complexes are of the same size as fulvic acids (FA), we can estimate the complexed 

concentration. Diffusion coefficients (D) of organic complexes in DGT gels have been 

determined  by  Scally et al. (2006)  using the diffusion cell method.  For Pb-FA complexes in 

Figure 4. Vertical profiles of total and DGT concentrations of Ni (left) and Cu (right) in Landsort Deep, 

2005. Uncertainty bars of DGT concentrations represent maximum and minimum of duplicate 

measurements. Uncertainty bars of total concentrations represent maximum and minimum values 

obtained from several discrete sampling occasions during the corresponding DGT deployment times. 
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OP gels D was 1.7·10-6 cm2s-1 at 25 °C. There are though indications that the apparent D 

whenusing DGT devices is 1.5-2 times higher than D determined using the diffusion cell 

method (Warnken et al. 2008, Downard et al. 2003). This corresponds to 1.9-2.5 times lower 

D for Cu and 1.7-2.3 times lower for Ni, compared to D determined for the free Cu and Ni 

ions (6.42·10-6 and 5.77·10-6 cm s-1, respectively) and used in the present calculations. 

Extended calculations of percentage OP DGT concentration of ultrafiltered values were 

performed assuming 100% complexation. Data are presented along with the original values in  

Figure 5. Vertical profiles of total and DGT concentrations of Ni (left) and Cu (right) in Bothnian Sea, 

2006. Uncertainty bars of DGT concentrations represent maximum and minimum of duplicate 

measurements. Uncertainty bars of total concentrations represent maximum and minimum values 

obtained from several discrete sampling occasions during the corresponding DGT deployment times. 
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Table 2. For Cu there is still a large fraction of the ultrafiltered concentration that is not DGT-

labile. For Ni the difference between DGT concentrations and ultrafiltered concentrations can 

be fully explained by slower diffusion of a FA complex. 

Analogies can be drawn to an investigation by Brügmann et al. (1998) at Gotland Deep. 

Filtration and a three step chromatographic column separation were performed to determine 

particulate, colloidal and dissolved anionic and cationic species in the water column. For Cu 

there was a large inert fraction not retained on any column. This was attributed to charge 

neutralization of small organic complexes by major elements present in seawater. Similar 

results were previously seen in Black Sea samples, using the same chromatographic 

separation (Lewis and Landing 1992). Ni analyses showed that dissolved cationic species 

dominated Ni speciation (Brügmann et al. 1998). 

In the Bothnian Sea pH, chlorophyll a, and phosphate concentrations in the surface water 

decreased during the sampling period, implying declining primary production (Figure 2). 

Simultaneously, the relative DGT concentration (compared to the ultrafiltered concentration, 

Figure 6. Vertical profiles of total and DGT concentrations of Ni (left) and Cu (right) in Gotland Deep, 

2007. Uncertainty bars of DGT concentrations represent maximum and minimum of duplicate 

measurements. Uncertainty bars of total concentrations represent maximum and minimum values 

obtained from several discrete sampling occasions during the corresponding DGT deployment times. 
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Table 2) increased, indicating higher degree labile concentrations of Cu at lower primary 

production. At the Gotland Deep sampling was done after the spring bloom and eventual 

correlation between primary production and the Cu-FA complexed fraction was therefore 

enabled to detect. However, the non-labile complexed Cu fraction is larger than in the 

Bothnian Sea. Bothnian Sea is more affected by fluvial inputs, which is reflected in for 

example lower salinity. This will likely affect the nature and composition of the organic 

ligands present. Assuming that Cu complexes with ligands of marine rather than terrestrial 

would be sufficient to explain the generally higher DGT results in Bothnian Sea. The non-

labile inert fraction was calculated for these stations and the results are presented in Figure 7. 

Mean values of ultrafiltered and DGT labile concentrations from five meters depth were used, 

and the diffusion coefficient was assumed to be 1.9 times lower than D for free Cu due to 

complexation (recall discussion above). To confirm the proposed theory the same calculations 

were performed on the datasets from Landsort Deep (in 2004) and Ekhagen Bay (in 2003), 

Table 2. DGT concentration in percentage of ultrafiltered fraction (<1 kDa) at five meters depth in 

Bothnian Sea and Gotland Deep. Estimations assume 100% inorganic analytes or 100% complexed 

analytes (FA). 

Analyte Bothnian Sea Gotland Deep 

 25 April- 

23 May 2006 

29 June- 

1 Aug 2006 

1 Aug- 

1 Sept 2006 

24 April- 

20 June 2007 

20 July- 

14 Aug 2007 

Cu 25 37 44 20 13 

Ni 52 46 57 59 46 

Cu-FA 48-63 70-93 84-110 30-38 25-32 

Ni-FA 88-120 78-106 97-131 100-135 78-106 

      

 
Figure 7. Estimated inert fraction of Cu plotted against stations with increasing salinity in the Baltic Sea. 
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evaluated in Forsberg et al. (2006) where ultrafiltration and DGT measurements were 

conducted. Ekhagen Bay is a low salinity (3.3 psu) coastal bay located in the vicinity of 

Stockholm and having the highest terrestrial impact. It seems clear from Figure 7 that the inert 

fraction increases with increasing salinity, and therefore copper binding ligands produced at 

sea are proposed to give rise to inert Cu species detected from the DGT and ultrafiltration 

measurements.  

4 Conclusions 

DGT sampling in the Baltic Sea indicated that the Ni DGT-labile fraction was larger than that 

of Cu. Actually up to 75% Cu in the ultrafiltered fraction from Baltic Sea samples was in a 

non-labile inert form, while Ni-complexes are suggested to be completely labile. The inert 

fraction of Cu increased with increasing salinity. The labile complexes were probably smaller 

than the pore size of the RP diffusive gel (~1 nm) since the OP and RP DGT samplers gave 

similar results for Cu and Ni measurements.  
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