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A B S T R A C T   

Applying diffusive gradients in thin films (DGT) to digestates as a standardized method requires 
addressing unclear precision of the method and the lack of information on compounds in 
digestates responsible for metal binding. We tested the precision of the method on seven different 
digestates by measuring Co, Ni, Fe and Mn accumulated in the DGT devices. Next, we tested gels 
with two different pore sizes in parallel (restricted gel with smaller and open gel with bigger pore 
size) to identify organic complexes that bind trace metals. Finally, we tried to understand how the 
feedstock affects DGT concentrations. The precision of the method was acceptable as the RSDs of 
the DGT technical triplicates for Co were lower than 10% for all seven digestates. For the other 
metals, slightly higher RSDs were detected in a few samples: Mn RSD varied more than 10% in 
only one digestate sample (27% RSD), Ni RSD in two samples (19% twice) and Fe RSD in three 
(with 18% maximum RSD). The measurements of Co, Ni and Fe after diffusion through the 
restricted gel compared to the open gel showed a significant difference in maximum three out of 
seven samples. The investigated metals were found in higher concentrations on the DGT resins 
exposed to digestates originating from manure, energy crops and food waste than in DGT resins 
exposed to samples originating from wastewater treatment plant digesters. Overall, open DGT 
appears to be applicable for Co, Ni, Fe and Mn bioavailability measurements in digestates orig
inating from various feedstocks.   

1. Introduction 

Microorganisms, like all living organisms, require trace metals (TMs) as these are crucial constituents of enzymes. When TM 
deficiency occurs, the proper synthesis of enzymes can be hindered, resulting in lower microbial activity and limited growth. This 
deficiency problem has been reported for anaerobic digesters that treat a variety of substrates, such as crops (Hinken et al., 2008), food 
waste (Ariunbaatar et al., 2016; De Vrieze et al., 2013), slaughterhouse waste (Karlsson et al., 2012; Ortner et al., 2015), grain stillage 
(Gustavsson et al., 2013), waste activated sludge (Yu et al., 2015) and different types of industrial and municipal wastewater (Fermoso 
et al., 2008; Muñoz Sierra et al., 2017; Ye et al., 2022). Generally, total metal concentration is a parameter for assessing metal 
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deficiency in digesters, but it does not represent actual metal bioavailability to the microorganisms. 
The bioavailability of TMs, reflecting the ability of microorganisms to take up TMs, is dependent on the chemical form (species) in 

which TMs occur in the environment (free ions, adsorbed, precipitated, organic or inorganic complexes, etc.). There are many tech
niques that focus on measuring metal ions that are free or form small and/or labile complexes, thought to be the most available to 
microorganisms for uptake: Donnan Membrane Technique (Bartacek et al., 2008; Weng et al., 2011), ion selective electrode (Lisak, 
2021), adsorptive stripping voltammetry (Jansen et al., 2005; Pesavento et al., 2009), ultrafiltration (Forsberg et al., 2006; Liu et al., 
2013) and diffusive gradients in thin films (DGT). Metal speciation models (e.g., MINTEQ or WHAM) can be used to predict the 
fractions of inorganic and organic complexes of metals occurring in solution, based on input data on the composition of the solution. 
An overview of these techniques can be found in the work of Thanh et al. (2016) and van Hullebusch et al. (2016). 

The application of DGT has been extended over the years, because of the ease of in situ species separation during sampling and 
undisturbed sample testing. It is considered to be a prospective tool for environmental samples (Wei et al., 2022) that is - until now, 
mainly applied on surface waters, soils and sediments. The DGT sampler works as a dynamic analyte accumulation device, which is 
based on analyte diffusion through a diffusive gel, followed by analyte accumulation on a binding gel. The accumulated amount is 
further used to calculate the concentration of the analyte. The type of diffusion and binding gel defines what kind of element, or 
compound will be accumulated. Diffusive gels are made of different pore sizes, and this can be used to exclude organic complexes that 
bind trace metals. The restricted gel (RES) has a smaller pore size, hence it retards organic complexes in comparison to the open gel 
(OP) through which these molecules diffuse. When these two gels are applied in parallel, it can be estimated to what extent metals are 
bound to organic complexes (Österlund et al., 2012). This information is highly relevant in ecosystems, like anaerobic digestion, in 
which organic complexation plays an important role in metal bioavailability. More details on the working principle of DGT are 
presented elsewhere (Davison, 2016; Davison and Zhang, 2012; Zhang and Davison, 2015). 

With very few exceptions (Bourven et al., 2017; Laera et al., 2019a; b; Takashima, 2018), DGT devices have not been investigates 
yet as tools to measure the bioavailability of trace metals in anaerobic digestate. The DGT accumulates free metal ions, metals con
tained in inorganic complexes and, to some extent, metals complexed by organic compounds. An assessment of DGT in digestate 
samples in relation to deployment time, type of gel (restricted and unrestricted type of gel), and matrix influence was carried out only 
in one sample (Laera et al., 2019a). In other studies, DGT was used to measure Ni and Co bioavailability in digestate samples 
(Takashima, 2018), or it was applied to measure Cd in anaerobic digestate, which was spiked with different Cd concentrations 
(Bourven et al., 2017). In general, there is a lack of literature on the reproducibility and reliability of these devices when being 
deployed in digestate samples, but also insufficient data on DGT deployment in various digestates, which is essential as first step 
towards standardization of this technique for trace metal characterization in this type of samples. 

The aim of this study was to assess the precision of open and restricted DGT gels on seven digestate samples, and to understand how 
different feedstock affects the DGT results. The influence of the origin of the digestates on the DGT concentrations was investigated by 
direct comparison, as well as by comparing ratios of DGT-extractable metals (i.e. labile metal concentrations) to the total metal content 
in the digestate. Measurements from restricted and unrestricted gel DGTs were used to determine the effect of organic matter on metal 
availability. The analyzed trace metals were Co, Ni, Fe, Cu, Zn and Mn as they are essential components of enzymes involved in 
anaerobic reactions. 

2. Material and methods 

2.1. Sampling and characterization of digestates 

Trace metals were quantified in digestate samples from seven full-scale digesters. Three samples came from wastewater treatment 
plant (WWTP) digesters (defined as WWTP1, WWTP2 and WWTP3). The WWTP1 and WWTP2 samples were taken from digesters that 
were fed waste activated sludge. The sample labeled as WWTP3 was digestate from a digester treating A-sludge. A-sludge is produced 
in the A-stage of the adsorption/bio-oxidation process, which is a modified two-stage wastewater treatment process relying on waste 
activated sludge with a very low sludge retention time, in comparison with conventional activated sludge systems (Boehnke et al., 
1997). The four other samples were from digesters treating agricultural waste containing manure, energy crops and food waste as main 
feedstock (defined as MIX1, MIX2 and MIX3), while one sample came from a digester treating only food waste (FW). For the sake of 
clarity, when discussed as a group, samples originating from WWTP digesters were defined as WWTP samples and the other four were 

Table 1 
General characteristics of seven different digestates. TS represent total solids, TSS represent total suspended solids, VSS represent volatile suspended 
solids, S2- represent sulfides.  

Sample Digester feed pH TS 
(g/L) 

TSS 
(g/L) 

VSS 
(g/L) 

S2- (mg/L) 

WWTP1 Waste activated sludge  7.80  39.0  20.0  15.0 117 
WWTP2 Waste activated sludge  7.59  29.4  27.0  15.8 97 
WWTP3 A-sludge  8.36  37.7  34.7  21.7 178 
MIX1 Mix of manure, energy crops and food waste  8.49  42.1  19.6  14.5 208 
MIX2 Mix of manure, energy crops and food waste  8.53  52.6  49.7  26.3 425 
MIX3 Mix of manure, energy crops and food waste  8.09  41.2  29.1  22.4 115 
FW Food waste  8.09  38.3  19.3  13.9 324  
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grouped as MIX samples. All samples were kept at 4 ◦C, filled until the top of the containers to minimize air exposure until analysis. 
The pH of the samples was measured by a Thermo Scientific Orion Star A211 pH meter. The measurements of total solids (TS), total 

suspended solids (TSS) and volatile suspended solids (VSS) were performed according to the Standard Methods (APHA, 2005). The 
total sulfides were determined by the iodometric method (Horáková et al., 1986). All general sample characteristics are presented in  
Table 1. The pH of the different samples ranged from 7.6 to 8.5. Total solids of all samples varied in a range of 29.41 to 52.56 mg/L. 
Sulfides, which are typically the major metal binding species in the digestors, were the highest in MIX2 and FW samples. 

2.2. Diffusive gradients in thin films (DGT) 

2.2.1. Types of gels 
All DGT samplers were purchased from DGT® Research Ltd. (Lancaster, UK). Two types of samplers were used, one type with open 

pore diffusive gel and the other with restricted diffusive gel (Table 2.). The characteristics of both samplers are the same, varying only 
in the type and thickness of the diffusive gel. The size of the pores is not precisely defined, but in the OP gel it is considered to be 5 nm 
and in the RES gel around 1 nm (Österlund et al., 2012). Significant differences between metal concentrations measured after diffusion 
through OP and RES gels were identified by comparing their averages using an unpaired t-test at a significance level of 0.05. 

2.2.2. Experimental set-up 
To ensure the appropriate deployment time of DGTs for different digestate samples, one sample (MIX2) was chosen and tested with 

OP DGT at different deployment times: 6, 13 and 23 h. This test was conducted in a plastic container, filled with around 800 mL of 
digestate sample. The DGTs were fixed in duplicate to the bottom of the container with double-sided tape and shaken at 55 rpm to 
ensure homogeneity of the sample and minimize the diffusive boundary layer. At the time points mentioned above, the samplers were 
taken out and further prepared and quantified as described in Section 2.3 of Material and methods. Based on the results (see Results 
Section 3.1), 23 h was chosen as deployment time for all further DGT experiments. These subsequent experiments were performed in 
the same way as the previous test, but with triplicates of open and restricted DGT exposed to the digestate together in the same 
container. Separately, a blank was run in triplicate in the same way as the digestate samples, but just with MiliQ® water instead of the 
digestate sample. 

For calculation of the metal concentration extracted by the DGTs, the standard DGT equation (Eq. (1)) was applied (Zhang and 
Davison, 2000): 

cDGT =
MΔg

DApt
(1) 

CDGT (µmol) is the time averaged concentration of the metal, M is the mass of the accumulated metal in the resin (nmol), Δg is the 
thickness of the diffusive gel and filter membrane (cm), D is the diffusion coefficient of the specific metal (cm2/s), Ap is the area of the 
filter membrane (cm2), and t is the deployment time (s). The diffusion coefficients for OP DGTs were taken from the official DGT 
Research website (https://www.dgtresearch.com/), while the RES DGTs coefficients were calculated from a ratio between OP and RES 
coefficients at pH 7 at 25 ◦C, as reported by Shiva et al. (2015). The mass of the accumulated metal (µmol) was calculated using Eq. (2): 

M =
Ce

(
VHNO3 + Vgel

)

feMw
(2)  

where Ce is the concentration of metals in the 1 M HNO3 elution solution (g/L), VHNO3 is the volume of HNO3 added to the binding gel 
(L), Vgel is the volume of the binding gel (L), fe is the elution factor for each metal and Mwis the molar mass of each metal (g/mol). The 
values of fe, Vgel, Δg, Ap and OP and RES diffusion coefficients used for calculation of the DGT concentration are reported in the 
Supplementary material. 

2.3. Determination of metal contents 

2.3.1. Reagents 
All solutions used were purchased from the Chem-Lab NV and were of analytical grade. The nitric acid (67–69%) used for the 

samples that were measured using ICP-MS was of Pico-Pure grade from the same manufacturer. All glassware was rinsed with 1% nitric 
acid solution before usage, and then with deionised and Mili-Q® water. 

Table 2 
Characteristics of open pore and restricted DGT.   

Binding gel Diffusive gel Membrane filter 

Open pore 
DGT 

0.4 mm 
Chelex 

0.78 mm APA (polyacrylamide cross linked with agarose derivative (15% monomer with 0.3% 
cross-linker) 

0.45 µm 
polyethersulphone 

Restricted 
DGT 

0.4 mm 
Chelex 

0.78 mm RES (polyacrylamide cross linked with bisacrylamide) 0.45 µm 
polyethersulphone  
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2.3.2. Sample preparation 
DGT samples. 
Once the samplers were taken out from the digestates, they were rinsed with MiliQ® water. Subsequently, the resin gels were taken 

out of the DGT samplers and soaked in 1.5 mL of 1 M HNO3. The obtained solution was diluted 10 times with 1% HNO3 in which metals 
were quantified. 

Total metal content in the digestates. 
All seven digestate samples were treated by the microwave assisted aqua regia method. The samples were dried for 24 h at 105 ◦C, 

ground in a mortar and around 0.2 g of each sample was measured and placed in microwave tubes. After addition of 7.5 mL 65% nitric 
acid and 2.5 mL 37% hydrochloric acid, the samples were left to rest for 30 min, then followed by sonification for 20 min. Once the 
sonification was finished, the samples were digested in the CEM MARS 6 microwave at 175 ◦C for 15 min at the maximum microwave 
power of 1800 W. Once cooled down, the digested samples were filtered through ashless filter paper (MN 640 m, Macherey-Nagel 
GmbH & Co.) and diluted to 50 mL in volumetric flasks with Milli-Q® water. All samples were analysed in triplicate. Parallel to 
the samples, about 0.2 g of soil reference material ``BodemB`` was treated using the same procedure. Recovery of metals from the 
reference material varied in the range of 104% to 121%. 

Fig. 1. Co (A), Ni(B), Fe(C), Mn(D) and Zn(E) concentrations measured from eluted DGT discs after 5, 13 and 23 h deployment. All time points were 
measured in duplicates. 
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Fig. 2. Concentrations of Fe, Co, Mn and Ni collected from seven digestate samples (WWTP1, WWTP2, WWTP3, MIX1, MIX2, MIX3 and FW) by DGT after diffusion over restricted (RES) and open (OP) 
gels. Average values of technical triplicate are presented with standard deviations as error bars. 
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2.3.3. Instrumentation 
A Thermo Scientific model iCAP 7000 series inductively coupled plasma-optical emission spectrometer (ICP-OES) with axial view 

configuration was used to measure Mn, Co, Ni, Cu and Zn in the aqua regia digested samples. The following emission wavelengths (nm) 
were used for element analysis: Mn 257.61, Co 228.616, Ni 221.647, Cu 324.754 and Zn 213.856. A Varian model Vista-MPX CCD 
Simultaneous ICP-OES with radial view configuration was used to measure Fe at 238.204 nm in the aqua regia digestion and the 
DGTgels. A Perkin-Elmer model NexION 350D Inductively coupled plasma mass spectrometer (ICP-MS) was used to measure Mn, Co, 
Ni, Cu and Zn in the DGT gel samples. The chosen isotopes were: 55Mn, 59Co, 58Ni, 63Cu and64Zn. For all measurements, Rh was used as 
internal standard. To check the accuracy and precision of the calibration curves for both ICP-OES and ICP-MS, a Quality Control (QC) 
sample was included in each batch of samples. The recovery of QC on ICP-OES varied from 96% to 116%, and on ICP-MS from 88% to 
107%. The limits of detection (LOD) and limits of quantification (LOQ) were calculated and their values for all metals are reported in 
Supplementary material. 

3. Results 

3.1. Determination of deployment time of DGT devices 

To assure that we applied appropriate deployment time, i.e., time frame in which an increase of the deployment time is linear to an 
increase in metal accumulation in the DGT gel, we tested OP DGT devices on MIX2 sample for 5, 15 and 23 h. All metals measured 
showed a very high linear dependency of metal accumulation against time, with R2 ranging from 0.956 for Zn to 0.992 for Fe. These 
results imply that- (1) the DGT device with OP gel can be used to measure metals in digestates ranging from very low (Co) to high (Fe) 
concentrations, and (2) even at shorter deployment times, such as 5 h, results are satisfactory (Fig. 1). We chose 23 h as the deployment 
time for our experiments, to ensure we can detect potentially very low metal concentrations. 

3.2. Feasibility of DGT application to digestate samples in terms of precision and potential contamination 

The results of DGT blanks showed that contamination contributed substantially to Zn and Cu measurements. Along with the fact 
that the blank triplicates showed high variability, high observed masses of Zn and Cu accumulated on the blanks could not be 
neglected. The median masses accumulated on the blank DGT gel (in ng) were: Fe 115; Cu 10.0; Co 0.70; Mn 27.3; Zn 445; Ni 0.70. 
These masses affected the digestate samples at a maximum of 4% for Fe, 20% for Co, 21% for Mn and 2% for Ni. Since Zn and Cu 
showed an accumulation in blanks of masses similar to the measured digestate samples, these two elements were not considered 
further. 

To assess method precision, we chose a 10% relative standard deviation (RSD) as sample variation threshold, as suggested by 
Davison (2016). For all metals measured, sample variation was satisfactory in relation to this threshold. Out of 14 RSDs calculated per 
metal, (i.e. seven digestates measured with OP and RES DGT devices, each device in triplicate), there was no RSD higher than 10% for 
Co. Mn had one RSD above the threshold (27% relative standard deviation), whereas Ni had two (twice 19%) and Fe three (10%, 14% 
and 18%) RSDs above the threshold. When comparing the two types of diffusive gel, RES gel showed a higher variation compared to OP 
gel for Fe in six out of seven samples. Similarly, Ni variation was higher in RES gel in four samples and was lower in one sample. In two 
other samples, the RSD of both gels for Ni were the same. Unlike Fe and Ni, Co and Mn both had RSDs higher in OP gel in three samples, 
while in the other three samples, the RES gel showed a higher variation. 

3.3. DGT bioavailability of metals 

To assess bioavailability of metals in the digestates, we looked at the OP DGTs, as they have been more often used in the literature. 
The concentrations of metals measured varied to a high degree. As presented in Fig. 2, the highest concentrations were obtained for Fe 
(5–52 µM), followed by Mn (0.2–11.9 µM), Ni (0.02–0.34 µM) and Co (0.006–0.028 µM). Variation of the Mn concentration had a 
factor of about 50 between digestate samples; MIX3 and FW samples showed considerably higher concentrations than the other 
samples, with a maximum of 11.9 µM for FW and a minimum of 0.22 µM for WWTP2. The Ni concentration variation factor was 20, 
within the range of 0.02 to 0.34 µM. Even lower variation was found for Fe, with a factor of 10, with samples MIX1, MIX2 and MIX3 
having the highest concentrations (maximum 52 µM for MIX1), while the lowest concentrations were measured in the WWTP1 and 
WWTP2 samples (5.8 µM and 4.7 µM, respectively). The lowest variations were found for Co with a factor 5 between the samples (from 
0.06 to 0.3 µM). 

3.4. Metal measurements with restricted (RES) and open pore (OP) gel 

Restricted and open pore gels were used in parallel to measure the presence of organic complexes in the digestates (Fig. 2). Sta
tistically significant differences between the metal concentrations extracted using both samplers were found in 54% of the digestate 
samples. More precisely, the concentrations of Mn differed significantly in 71% of the samples. For other metals, less than 50% of the 
digestate samples showed statistically significant differences (Fe 43%, Co 29%, Ni 43%). With respect to the digestate sample type, in 
the samples WWTP3 and MIX1, 3 out of 4 metals had averages that were statistically significant between both gel types, while other 
samples had only none to two. A ratio between metal concentrations obtained after separation on both gel types (CRES/COP) can reflect 
to what extent metals are bound in organic complexes having a size of 1–5 nm. From the samples that showed statistically significant 
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differences, the presence of organic complexes is assumed to play only a minor role for Fe since the ratio CRES/COP was found to be the 
smallest for that metal. Other metals were bound by organic complexes by less than 20% (Table 3). 

3.5. Total metal content in the digestates 

Measured analytical triplicates showed very low variability with a maximum RSD of 8%. Based on the concentration range, we 
grouped the investigated metals in three sections (Fig. 3). In general, measured concentrations were as expected in terms of con
centration range: Ni and Co were measured in concentrations ranging up to 35 mg/kg TS, Mn in hundreds of mg/kg TS and Fe varied in 
a significantly higher range of 10.3 to 61.9 g/kg TS. 

The total metal content appeared to be sample dependent, namely, WWTP samples on average had higher total metal contents than 
MIX samples. This observation is most explicit for Fe, which was measured in the range of 40.4 to 61.9 g/kg TS in WWTP samples and 
from 10.3 to 36.2 g/kg TS in MIX samples. The lowest difference in metal concentration between these two groups was found for Mn, 
with an average of 286 and 418 mg/kg TS for WWTP and MIX samples, respectively. 

3.6. Influence of digestate type on DGT-extractable metal contents 

As total metal content is currently the basic parameter analyzed to assess metal availability in digestates, it is worth relating it to 
DGT-extractable concentrations in order to: (1) determine the share of DGT available metals relative to the total metal amount and (2) 
look for possible patterns on which bioavailability in relation to the feedstock can be predicted. Overall, it is clear that the DGT 
available fraction represents only a very small portion of the total amount of metals, ranging from 0.017 to 1.545% (with exception of 
3.95% for one sample of Mn). The total amount of Fe compared to other metals was found to be very high. The WWTP samples 
evidently had higher total Fe concentrations than MIX samples, which can be expected because of Fe addition for chemical phosphate 
removal in WWTP processes. Interestingly, Fe was more available in MIX samples (Fig. 4b). Similarly, Ni was more available in MIX 
samples even though the total amount was higher in WWTP samples. At the same time, total Mn content showed similar values be
tween samples, but also much higher DGT extractability in MIX samples. On the other hand, Co did not differ among the various 
digestate samples in neither total concentration nor in relative DGT extractability (Figs. 4a and 4b). These results once more confirm 
that total metal concentration is not an appropriate parameter to assess metal (bio)availability. 

4. Discussion 

4.1. DGT as a reliable technique to assess bioavailable metals in anaerobic digestate 

The previous work on DGT applied in digestate samples provided very little information on method precision. The determination of 
reproducibility of the measurements is the first step towards using DGT as a device to routinely assess metal bioavailability in 
digestates. In the study conducted by Takashima (2018), the RSD for Ni ranged from 9% to 19%, while Co had a very high RSD from 
20% to 100%. It is unclear whether this low reproducibility originated from too little measurements being done or low concentrations 
being measured. Our work showed consistency with the work done by Laera et al. (2019a), who also observed high reproducibility for 
Co, Fe, Mn and Ni. Despite the fact that some of our RSDs were above the recommended 10%, this threshold is proposed for mea
surements in solutions, which are, unlike the digestate matrix, completely homogenous. Hence, a higher variation between the samples 
was expected, which was also observed by Laera et al. (2019a) for As, Co, Mn and Pb. Variations being slightly higher than 10% (RSD) 
should also be acceptable since DGT measured concentrations of metals (important for anaerobic processes) vary with a factor of 1000 
between digestate samples, thus they should not be affected by the RSD to a high extent. 

From our results and the above-mentioned literature, it can be concluded that Fe, Co, Mn and Ni can be measured routinely in 
triplicates in digestates. On the other hand, based on our observations, special care in handling devices and avoidance of contami
nation of blanks are of utter importance to enable accurate Cu and Zn measurements. Potential Zn and Cu contamination from the 
environment has already been mentioned previously in the work of Davison (2016). Accordingly, we propose extensive measurements 
of DGT blanks and inclusion of these data in the reports as an important contribution to the quality of the DGT measurements. Another 
important parameter to consider is the deployment time of the DGT devices. Our experiment, where we tested different deployment 
times, showed that 23 h is an appropriate time for Co, Fe, Mn and Ni, which is in accordance with the studies done by Laera et al. 
(2019a); Takashima (2018). 

Table 3 
Ratios of metal concentrations extracted by DGT samplers after diffusion through RES and OP gels (CRES/COP), illustrating to what extent metals may 
be bound in organic complexes having a size of 1–5 nm. Results are shown as mean±standard deviation, n = 3.   

WWTP1 WWTP2 WWTP3 MIX1 MIX2 MIX3 FW 

Fe 0.91 ± 0.14 0.89 ± 0.18 0.68 ± 0.025* 0.82 ± 0.076* 0.96 ± 0.10 0.93 ± 0.10 0.81 ± 0.026* 
Mn 0.85 ± 0.052* 0.85 ± 0.24 0.86 ± 0.060* 0.87 ± 0.046* 0.91 ± 0.015* 0.96 ± 0.034 0.87 ± 0.017* 
Co 0.91 ± 0.038 1.0 ± 0.097 0.87 ± 0.062* 0.80 ± 0.062* 0.99 ± 0.063 1.0 ± 0.063 1.1 ± 0.055 
Ni 0.86 ± 0.019* 0.87 ± 0.033* 0.88 ± 0.055 0.90 ± 0.042 1.0 ± 0.025* 0.93 ± 0.083 0.74 ± 0.20  

* a ratio with a significant difference 
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4.2. The ratio of RES to OP DGT measurements to determine the presence of organic complexes 

The difference in pore sizes of restricted and standard open gels used in DGT extractions is evaluated as a way to determine the 
presence of organic complexes containing trace metals. Through a restricted gel, only free metals and inorganic metal complexes are 
expected to diffuse, while in open gels, organic complexes such as humic and fulvic acid complexes should also be able to diffuse 
(Davison, 2016). The assessment of precision of RES gels is less reported in the literature than the OP gels. The application of both gels 
to differentiate inorganic metal complexation has been applied already on fresh waters in several studies. In one study (Baeyens et al., 
2011), no substantial difference between RSDs obtained through the two different gels was seen for Fe, Mn and Ni (RSDs all below 

Fig. 3. The total metal content of each metal in each digestate sample. Each value is an average of triplicate analysis with error bars representing 
standard deviations. Metals are grouped based on the concentration range for easier comparison. 

Fig. 4. Ratio of DGT-extractable to total concentration of metals in digestate samples originating from wastewater treatment plants (a) and agri
culture (b). 
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10%). Only in one location, RES gel showed significantly higher RSD than OP gel for Co measurement (50 to 12%). This is in 
accordance with our work for commonly investigated metals, i.e,. Fe, Mn, Co and Ni. 

In the work of Baeyens et al. (2011), the presence of metal-binding organic complexes, derived from the difference between RES 
and OP gel extractions, was pronounced in two out of three samples of fresh water for Fe (RES/OP: 0.15 and 0.36) and Mn (RES/OP: 
0.30 and 0.32). For Co and Ni, one sample showed a noticeable difference in RES/OP ratio of 0.23 and 0.38, respectively. In contrast, 
Österlund et al. (2012) did not observe large organic compounds binding Cu and Ni, since the RES/OP ratio was on average 0.80, 0.89 
and 0.84 for Cu and 0.82, 0.89 and 0.84 for Ni for three different locations. Interestingly, the results of digestate metal fractionation 
conducted by Laera et al. (2019a) showed that only Fe was affected by large organic complexes (RES/OP was 0.70). This corresponds 
with our results, which showed the smallest ratio of RES/OP among all metals for Fe (from 0.68 to 0.82). 

The value of the diffusion coefficient (D) is one of the crucial parameters for metal concentration calculation, thus it affects the 
results to a high degree. There is no measured D for the digestate matrix for any metal so far, so using diffusion coefficients that were 
obtained from synthetic solution leads to possible systematic errors. In an earlier study (Laera et al.), D values for a restricted gel were 
approximately 70% of the D values for a standard gel. In our study, we used the data obtained from a synthetic solution (Shiva et al., 
2015). Application of D values, even though likely inappropriate, resulted in the Co value higher in RES than in OP gel in FW sample. 
Therefore, as long as the D values of metals in the digestate are not known, i.e., presence of a high concentration of organic matter is not 
taken into account for both types of gels, conclusions about the presence of organic complexes based on the gel difference should be 
drawn cautiously. The interpretation based on the exclusion of organic complexes in RES gels should be used as a first approximation. 

4.3. Influence of sample type on DGT measurements 

The concentration of essential trace metals needed in anaerobic digestion depends on many factors: type of reactor, feedstock, 
operating parameters (temperature, pH, hydraulic retention time), presence of different compounds in the system and their equilib
riums (mainly sulfides as precipitating and organic complexes as chelating agents), but also the reason for supplementation (e.g., 
optimize methane production, reduce VFA, start the reactor, explore metal deficiency in a system, reduce inhibition of a toxic com
pound). Due to these wide range of research aims, different studies have expressed metal requirements in different ways. One way is to 
define the amount of metals per g of TSS (Ketheesan et al., 2016), TS (Ariunbaatar et al., 2016; Schmidt et al., 2014) or dry matter 
(Roussel, 2013). Another way is to report the concentration of a metal in the medium in mg/L (Gustavsson et al., 2013; Takashima 
et al., 2011; Zandvoort et al., 2002). Consequently, the ability to compare data is often limited, due to a lack of data needed for 
conversion of data from one unit (parameter) to another. Another difficulty is that experimental studies study metal speciation under 
dynamic conditions, whereas model-based data are useful for delineating effects of precipitation, adsorption, complexation processes, 
etc. but they predict these concentrations only in equilibrium (Thanh et al., 2016). 

Each of the four metals in WWTP samples have a very similar ratio of DGT extractable to total concentrations (Fig. 4a). This could 
imply that metals are bound by the same compounds. Accordingly, similar DGT extractability and metal (bio)availability can be 
expected for other WWTP samples. As for agricultural (food waste) samples, only Co showed very similar ratios, while other metals 
showed large variations, especially Mn. 

We propose as a rule of thumb that Fe, Co, Ni and Mn extractability by DGT and their (bio)availability can be expected to be similar 
for other WWTP digestate samples, and DGT extractability and (bio)availability of Co can also be predicted in digestate samples 
originating from a mixture of manure, energy crops and food waste. 

5. Conclusion 

Our work demonstrated that regular DGT samplers show good precision for Co, Ni, Fe and Mn when applied to digestate samples of 
different origin, while Zn and Cu could not be analyzed after DGT extraction due to high blank contamination. Furthermore, we 
suggest a deployment time of 23 h. The application of restricted and open gels to assess the occurrence of organic complexes showed 
statistically significant differences for only half of the digestate samples, indicating that this method needs further verification once the 
diffusion coefficients for the digestate matrix are known. The DGT extractable fraction was a very small portion (less than 2% on 
average) of total metal content regardless of digestate sample type. Digested sewage sludge samples showed very similar DGT con
centrations for all analyzed metals. In contrast, samples of digested mixtures of manure, energy crops and food waste had similarities 
only among Co concentrations. Overall, application of DGT as a tool to measure metal bioavailability in bioreactors has great potential 
due to the ease of in situ species separation during sampling and the dynamic nature of measurement that are able to capture real 
bioavailability. 
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