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1 Introduction 

The digestion of waste and soil samples is without doubt a critical step in the determination of 
elements. Waste samples are digested using an acid mixture of HF:HNO3:HCl, according to EN 13656 
(Characterization of waste – Microwave assisted digestion with hydrofluoric (HF), nitric (HNO3) and 
hydrochloric (HCl) acid mixture for subsequent determination of elements). The EN 13656 standard 
refers to a power-controlled microwave oven digestion using HF:HNO3:HCl.  

New developments in technology resulted in the commercialisation of temperature controlled 
microwave oven systems complementary to the power controlled microwave oven systems. In the 
Horizontal European Standard EN 16174 (Sludge, treated biowaste and soil – Digestion of aqua regia 
soluble fractions of elements) the temperature controlled digestion procedure is already included. 
Nevertheless no comparable validation data are available using the HF:HNO3:HCl digestion with both 
digestion techniques. 

The simplification of the current two-step method of digestion is also of interest. In the current method 
the digestion for solids involves a two-step procedure. At first, 0.2 to 0.5 g of the sample is weighed 
into the digestion flask and 6 ml of HCl, 2 ml of HNO3 and 2 ml of HF is added. After running the 
digestion microwave program, the containers are cooled. Then, 22 ml of a solution of boric acid 
(H3BO3) is added, one closes the containers back and they are warmed up again. The second step is 
necessary in order to resolve possible fluoride precipitate into solution and to complex the excess of 
HF as BF4-.   

Referring to the issues above to simplify/shorten the procedure and to extend the applicable 
instruments, the following alternative/rapid digestion methods are evaluated for the determination of 
elements:  

1. Evaluation of an alternative acid (one-step digestion) as replacement for two-steps digestion 
with HF + H3BO3  
This involves a one-step digestion, while maintaining the same power of digestion of the 
silicate matrix, by using HBF4 (replacing HF with H3BO3). In addition, the use of HBF4 is for 
safety reasons preferred over HF.  

2. Evaluation of temperature controlled microwave systems as an addition to power controlled 
microwave systems 
Comparison of the HBF4 digestion procedure using power controlled microwave oven versus 
temperature controlled digestion.  

 

A study was conducted by the Flemish Institute for Technological Research (VITO, Flanders, Belgium) 
in commission of the Public Waste Agency of Flanders (OVAM, Belgium) to evaluate the different 
digestion procedures and the use of HBF4 as an alternative for HF [1]. These digestion methods for 
the determination of elements were tested on various types of samples (soil and waste samples) and 
reference materials. The results of this study are presented in this document.  

Moreover, the evaluation of HBF4 as alternative acid for HF was also evaluated for waste samples by 
Suez Environnement (France) using the power controlled digestion as described in EN 13656. The 
obtained results are included in this document in paragraph 4.7 up to 4.12. 
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2 Selection of HBF4 acid 

The purity of the acid HBF4 is one of the critical factors in order to obtain correct results. From different 
vendors 4 commercially available concentrated HBF4 solutions were verified for their blank values. 
The selected HBF4 solutions were from:  

• Blank 1: Chemlab  CL00.2009.025 (batchnumber 19.0840811.5) 380 g HBF4/kg 
• Blank 2: Sigma  207-934-25g  (batchnumber SHBC8208V)  48 wt% in water  
• Blank 3: Alfa Aesar  L14037 (batchnumber 10175822)   50 wt% 
• Blank 4: Alfa aesar  11484 (batchnumber J26Y027)    48 wt% 

 

In a digestion vessel 6 ml of HCl (Suprapur), 2 ml of HNO3 (Suprapur) and 2 ml of HBF4 was added. 
The following digestion program was applied: 

Time (min) Power (W) 
2 250 
2 0 
5 250 
5 400 
5 500 

 

From each HBF4 solution duplicate blank digestions were conducted to verify the blank values. The 
concentration of the elements Al, As, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Pb, Sb, Se, Sn, 
Sr, Ti, Tl, V and Zn in these blank digestion solutions were determined by ICP-AES. In this case the 
elements were calibrated in 6% HCl and 2% HNO3. 

The results (see Table 1) showed that the blank digestion solution produced from the HBF4 solution of 
Chemlab (ultra pure) (blank 1) contained the lowest concentrations of the different elements to be 
determined. Therefore, this HBF4 solution was used to perform the further measurements. All 
elements were calibrated using matrix matched standards (including 6% HCl, 2% HNO3  and 2% 
HBF4). 
 

It should be noted that the blank value might be batch dependent. Verification of the used batch 
should be performed by the lab itself. 
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Table 1 Results of the blank values for different HBF4 solutions 

 

  

Blank1A RSD Blank1B RSD Blank2A RSD Blank2B RSD Blank3A RSD Blank3B RSD Blank4A RSD Blank4B RSD
µg/l % µg/l % µg/l % µg/l % µg/l % µg/l % µg/l % µg/l %

As 30 0,1 29 2,2 89 1,0 89 1,1 169 0,5 169 0,4 91 0,3 92 0,0
Ba 0,1 1,5 0,1 9,8 1,3 1,0 1,3 0,4 0,7 4,6 0,6 3,5 0,6 3,3 0,6 1,6
Be 0,2 19 0,1 1,3 0,1 23 0,1 1,2 0,2 35 0,1 0,3 0,1 6,2 0,1 15
Cd 0,4 9,2 0,4 7,2 0,7 4,4 0,7 2,2 0,7 1,0 0,7 3,3 0,8 2,7 0,7 0,1
Co -2,9 2,9 -2,9 4,0 -5,4 0,7 -5,4 0,9 -5,7 2,2 -5,6 0,0 -6,0 0,1 -6,0 0,7
Cr 0,2 9,1 0,3 17 14 0,2 14 0,2 0,5 27 0,4 27 -0,1 193 -0,3 39
Mn 0,9 18 2,4 7,7 213 1,1 212 0,9 10 1,1 10 0,9 8,5 0,9 8 0
Mo 2,8 38 0,5 31 0,5 71 0,5 20 1,9 5,8 1,5 19 0,1 193 0,2 66
Ni 0,3 9,0 0,1 156 7,4 1,1 7,5 0,6 389 0,2 386 0,0 8,8 0,9 8,6 1,1
Pb -1,5 37 -3,5 25 -7,3 0,8 -8,4 7,6 -8,4 5,7 -8,5 11 -8,1 4,1 -8,7 7,1
Sb 42 3,6 44 1,1 69 0,0 69 0,1 70 1,5 71 0,1 75 2,3 74 1,4
Se -13 4,3 -10 12 -19 15 -19 1,7 -22 4,4 -22 4,4 -24 6,6 -24 0,6
Sn 9,2 1,0 9,2 5,6 17 0,4 17 3,5 17 2,8 17 1,7 18 2,2 18 1,0
Sr 0,2 35 -0,1 9,5 25 0,2 25 0,3 18 0,3 18 0,5 29 0,6 29 0,5
Ti 0,3 11 -0,3 0,5 -0,1 16 -0,1 43 3,2 0,6 3,2 0,7 0,8 4,0 0,8 0,7
Tl 8,3 20 6,3 26 9,6 17 12,1 11,9 12 9,5 12 3,0 11 16,5 12 3,9
V 0,8 11 0,7 11 1,6 7,5 1,6 1,0 1,6 1,6 1,6 3,4 1,7 3,0 1,8 6,1
Na 67 3,8 41 4,1 1129 1,8 1131 1,7 916 3,0 927 1,1 141 8,0 146 1,2
K -48 41 -56 64 84 5,6 145 29 32 311 5,2 490 -94 54 -76 28
Ca -15 11,7 -22 6,3 338 0,3 332 1,0 416 0,2 410 0,2 666 1,6 675 0,7
Mg 25 44 21 17 163 2,5 149 6,7 219 0,6 212 19 147 6,7 140 9,3
Fe 1,3 8,0 2,6 8,1 111 0,5 110 0,2 183 0,0 185 0,2 271 0,2 273 1,1
Al 164 0,4 -10 7,4 5,5 14 5,4 6,3 44 0,8 40 2,6 8,1 3,6 16,3 1,6
Cu -1,5 26,2 -2,1 12 -1,3 17 -1,1 4,2 4,5 2,9 4,4 4,7 -0,7 61,8 -0,9 34
Zn -1,4 45,7 -3,3 0,7 -0,7 5,7 -1,2 2,4 -2,4 16 -1,8 3,4 -2,9 2,8 -3,1 1,5
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3 Digestion of soil samples 

3.1 Selected soil samples 

Soil samples (10) were collected in Flanders (Belgium). All these samples were dried at 105°C and 
fine ground with the planetary ball mill (according to EN 13656 < 250 µm). As control samples a round 
robin soil sample (SETOC 701) – QC1 - , distributed by Wageningen, and a certified soil samples 
(NIST 2711) – QC 2 – were included in the analytical process. 

3.2 Description digestion procedure and ICP-AES/CV-AFS measurements 

All digestions were performed using a microwave system. The system was equipped with an 
immersing temperature probe with integrated pressure sensor which was positioned in one reference 
vessel and infrared sensors were located underneath the rotor to simultaneously measure the 
temperature and pressure of each vessel. The system was capable of performing digestions using a 
power controlled or a temperature controlled microwave programme. 

The digested solutions were analysed with ICP-AES1 for the determination of the elements. The 
calibration was set-up with matrix-matched standards fot both axial and radial view. After digestion a 
dilution of at least a factor of 5 was applied, except for the determination of element concentrations 
nearby the reporting limit. As internal standard Rh was used and the suppression of the internal 
standard was for all samples limited to maximum 10%. Data obtained in axial view were Rh corrected, 
while no Rh correction was applied on data measured in radial view.  

Mercury was determined with CV-AFS2. 

 Digestion with HF:HNO3:HCl and power controlled microwave digestion (HF power) 

About 0.5 g of sample was weighed into the vessel. Then the following acids were separately added: 6 
ml HCl, 2 ml HNO3 and 2 ml HF. The digestion vessel was placed into the microwave unit (8 positions) 
and the following digestion process was applied: 

 Time (min) Power (W) 
Stap 1 2 250 
Stap 2 2 0 
Stap 3 5 250 
Stap 4 5 400 
Stap 5 5 500 

 

At the end of the programme the vessels were cooled down to room temperature. Subsequently, 22 ml 
of 4% m/m of boric acid was added and the vessels were placed in the microwave unit applying the 
following process: 

Time (min) Power (W) 
3 300 

 

After cooling the digested solution was transferred to a volumetric flask and filled up to 100 ml with 
ultrapure water. 

Each batch contains 1 blank, 1 control sample (QC1 or QC2), 5 samples and 1 duplo sample. 

                                                      
1 Inductively coupled plasma atomic emission spectrometry 

2 Cold vapour atomic fluorescence spectrometry 
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 Digestion with HBF4 and power controlled microwave digestion (HBF4 power) 

About 0.5 g of sample was weighed into the vessel. Then the following acids were separately added: 6 
ml HCl, 2 ml HNO3 and 2 ml HBF4 and the following digestion process was applied: 

Time (min) Power (W) 
2 250 
2 0 
5 250 
5 400 
5 500 

After cooling the digested solution was transferred to a volumetric flask and filled up to 100 ml with 
ultrapure water. 

Each batch contains 1 blank, 1 control sample (QC1 or QC2), 5 samples and 1 duplo sample. 

 Digestion with HBF4 and temperature controlled microwave digestion (HBF4 temp) 

About 0.5 g of sample was weighed into the vessel. The acids 6 ml HCl, 2 ml HNO3 and 2 ml HBF4 
were separately added. The digestion vessel was placed into the microwave unit (8 positions) and the 
temperature was raised with a heating rate of 15°C min-1 to 175°C and remained at 175°C for 10 
minutes. After cooling the digested solution was transferred to a volumetric flask and filled up to 100 
ml with ultrapure water. 

Each batch contains 1 blank, 1 control sample (QC1 or QC2), 5 samples and 1 duplo sample. 

3.3 Evaluation of the digestion process 

As the system is equipped with an immersing temperature probe with integrated pressure sensor in 
the first reference vessel and infrared sensors to measure the temperature of each vessel, it was 
interesting to follow up the digestion profiles during the complete cycle. 

In Figure 1 the digestion profiles of the soil samples using HF:HNO3:HCl (run 1 and run 2, 
respectively) with a power controlled program are shown. The temperature in vessel 1, monitored with 
the probe, raised up to 160-165°C when reaching the full power of 500 W. The temperature profiles, 
monitored with the IR sensor, looks quite similar (except the one of the blank samples, which has a 
lower maximum temperature). 

   

Figure 1 Digestion profile of the soil samples using HF:HNO3:HCl (left: run 1, right: run 2) – 
power controlled program 

 

In Figure 2 the digestion profiles of the soil samples using HBF4 (run 1 and run 2, respectively) with a 
power controlled program are shown. The temperature in vessel 1, monitored with the probe, raised 
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up to 120-150°C when reaching the full power of 500 W. The temperature profiles, monitored with the 
IR sensor, looks quite similar. 

   

Figure 2 Digestion profile of the soil samples using HBF4 (left: run 1, right: run 2) – power 
controlled program 

In Figure 3 the digestion profiles of the soil samples using HBF4 (run 1) with a temperature controlled 
program are shown. The temperature is raised up to 175°C, which can be verified with the probe in 
vessel 1. All the IR measurement shows comparable profiles with temperatures up to 160-175°C 
(except the one of the blank samples, which has a lower maximum temperature). The power increased 
up to about 750 W when reaching the max. temperature of 175°C and then drops further to about 400 
W. Also the pressure remains below 20 bar. 

 

Figure 3 Digestion profile of the soil samples using HBF4 (run 1) – temperature controlled 
program 

 

3.4 Results of the trace elements 

In the following paragraphs the results obtained with the different digestion procedures are presented 
per element. Duplicate samples (including digestion) are marked with ‘b’. The reference method is 
always indicated as ‘HF power’, while the alternative methods are indicated as ‘HBF4 power’ and HBF4 
temp’. Note that the evaluation is based on the comparison of single measurement results.  

An overview of all elements is presented in paragraph 3.7 on page 34. 

The individual results for all samples, parameters and digestions are compiled in Annex A.  

 Element arsenic 

In Figure 4 the As results of the different soil samples and the quality control (QC) samples are 
presented. 
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The % coefficient of variation (CVR) of the As results with the 3 digestion methods was calculated per 
sample and are presented in Figure 5. From all samples analysed the CVR is situated below 20% and 
in most cases below 10%. The pooled CVR of the 14 samples (including duplicate and QC samples) 
amounted 6.3%. The high CVR was obtained on the QC sample with a concentration level of less than 
10 mg/kg dm. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 6.5 and 4.4% difference is observed (see Figure 
6). 

 

Figure 4 As results of the soil samples using the 3 digestion methods 

 

Figure 5 % CVR of the 3 As results by sample 

 

Figure 6 Difference between the reference method for As and the 2 alternative methods 
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 Element cadmium 

In Figure 7 the Cd results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Cd results with the 3 digestion methods was calculated per 
sample and are presented in Figure 8. From all samples analysed the CVR is situated below 10%. The 
pooled CVR of the 12 samples (including duplicate and QC samples) amounted 3.9%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -3.2 and 1.0% difference is observed (see Figure 
9). 

 

Figure 7 Cd results of the soil samples using the 3 digestion methods 

 

Figure 8 % CVR of the 3 Cd results by sample 

 

Figure 9 Difference between the reference method for Cd and the 2 alternative methods 
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 Element chromium 

In Figure 10 the Cr results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Cr results with the 3 digestion methods was calculated per 
sample and are presented in Figure 11. From all samples analysed the CVR is situated below 10%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 4.1%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 2.6 and -1.5% difference is observed (see Figure 
12). 

 

Figure 10 Cr results of the soil samples using the 3 digestion methods 

 

Figure 11 % CVR of the 3 Cr results by sample 

 

Figure 12 Difference between the reference method for Cr and the 2 alternative methods 
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 Element cupper 

In Figure 13 the Cu results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Cu results with the 3 digestion methods was calculated per 
sample and are presented in Figure 14. From all samples analysed the CVR is situated below 12%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 4.7%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 3.2 and 1.7% difference is observed (see Figure 
15). 

 

Figure 13 Cu results of the soil samples using the 3 digestion methods 

 

Figure 14 % CVR of the 3 Cu results by sample 

 

Figure 15 Difference between the reference method for Cu and the 2 alternative methods 
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 Element lead 

In Figure 16 the Pb results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Pb results with the 3 digestion methods was calculated per 
sample and are presented in Figure 17. From all samples analysed the CVR is situated below 15%. In 
most cases even below 6%. The pooled CVR of the 14 samples (including duplicate and QC samples) 
amounted 4.7%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -3.2 and -2.3% difference is observed (see Figure 
18). The highest difference (24%) was observed on a sample with a low concentration of less than 10 
mg/kg dm. 

 

Figure 16 Pb results of the soil samples using the 3 digestion methods 

 

Figure 17 % CVR of the 3 Pb results by sample 
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Figure 18 Difference between the reference method for Pb and the 2 alternative methods 
 

 Element nickel 

In Figure 19 the Ni results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Ni results with the 3 digestion methods was calculated per 
sample and are presented in Figure 20. From all samples analysed the CVR is situated below 18%. In 
most cases even below 6%. The pooled CVR of the 14 samples (including duplicate and QC samples) 
amounted 4.7%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -3.5 and 1.3% difference is observed (see Figure 
21). 

 

Figure 19 Ni results of the soil samples using the 3 digestion methods 
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Figure 20 % CVR of the 3 Ni results by sample 

 

Figure 21 Difference between the reference method for Ni and the 2 alternative methods 
 

 Element zinc 

In Figure 22 the Zn results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Zn results with the 3 digestion methods was calculated per 
sample and are presented in Figure 23. From all samples analysed the CVR is situated below 10%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 3.1%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -2.1 and -0.6% difference is observed (see Figure 
24 ). 
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Figure 22 Zn results of the soil samples using the 3 digestion methods 

 

Figure 23 % CVR of the 3 Zn results by sample 

 

Figure 24 Difference between the reference method for Zn and the 2 alternative methods 
 

 Element mercury 

In Figure 25 the Hg results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Hg results with the 3 digestion methods was calculated per 
sample and are presented in Figure 26. From all samples analysed the CVR is situated below 10%. 
The pooled CVR of the 13 samples (including duplicate and QC samples) amounted 4.5%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 3.8 and 4.5% difference is observed (see Figure 
27). 
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Figure 25 Hg results of the soil samples using the 3 digestion methods 

 

Figure 26 % CVR of the 3 Hg results by sample 

 

Figure 27 Difference between the reference method for Hg and the 2 alternative methods 
 

 Element antimony 

In Figure 28 the Sb results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Sb results with the 3 digestion methods was calculated per 
sample and are presented in Figure 29. From all samples analysed, except for sample 5, the CVR is 
situated below 20%. For sample 5 it amounts 50%, which is attributed to the relative low concentration 
of Sb present in the sample. The pooled CVR of the 14 samples (including duplicate and QC samples) 
amounted 13%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 2.3 and 3.0% difference is observed (see Figure 
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30). The highest differences are observed on the samples with concentration levels of less than 10 
mg/kg dm. 

 

Figure 28 Sb results of the soil samples using the 3 digestion methods 

 

Figure 29 % CVR of the 3 Sb results by sample 
 

 

Figure 30 Difference between the reference method for Sb and the 2 alternative methods 
 

 Element barium 

In Figure 31 the Ba results of the different soil samples and the quality control (QC) samples are 
presented. 
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The % coefficient of variation (CVR) of the Ba results with the 3 digestion methods was calculated per 
sample and are presented in Figure 32. From all samples analysed the CVR is situated below 8%. The 
pooled CVR of the 14 samples (including duplicate and QC samples) amounted 3.6%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 0.0 and 0.9% difference is observed (see Figure 
33). 

 

Figure 31 Ba results of the soil samples using the 3 digestion methods 

 

Figure 32 % CVR of the 3 Ba results by sample 

 

Figure 33 Difference between the reference method for Ba and the 2 alternative methods 
 

 Element cobalt 

In Figure 34 the Co results of the different soil samples and the quality control (QC) samples are 
presented. 
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The % coefficient of variation (CVR) of the Co results with the 3 digestion methods was calculated per 
sample and are presented in Figure 35. From all samples analysed the CVR is situated below 18%. 
The highest deviation is observed on the sample with a concentration of less than 10 mg/kg dm. 
Samples with a higher concentration above 10 mg/kg dm have a CVR of less than 10%. The pooled 
CVR of the 14 samples (including duplicate and QC samples) amounted 5.0%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -1.0 and -3.4% difference is observed (see Figure 
36). 

 

Figure 34 Co results of the soil samples using the 3 digestion methods 
 

 

Figure 35 % CVR of the 3 Co results by sample 

 

Figure 36 Difference between the reference method for Co and the 2 alternative methods 
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 Element molybdenum 

In Figure 37 the Mo results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Mo results with the 3 digestion methods was calculated per 
sample and are presented in Figure 38. From all samples analysed the CVR is situated below 25%. 
The highest deviations are observed on samples 2, 3 and 4 with a concentration of Mo below 10 
mg/kg dm. The pooled CVR of the 13 samples (including duplicate and QC samples) amounted 7.9%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 4.1 and 3.3% difference is observed (see Figure 
39). 

 

Figure 37 Mo results of the soil samples using the 3 digestion methods 

 

Figure 38 % CVR of the 3 Mo results by sample 

 

Figure 39 Difference between the reference method for Mo and the 2 alternative methods 
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 Element tin 

In Figure 40 the Sn results of the different soil samples and the quality control (QC) samples are 
presented. 

The coefficient of variation (CVR) of the Sn results with the 3 digestion methods was calculated per 
sample and are presented in Figure 41. From all samples analysed the CVR is situated below 60%. In 
most case even less than 10%. The highest deviation is observed for sample 1 and sample 1b, with a 
lower Sn value for the reference method compared to the alternative methods. The pooled CVR of the 
12 samples (including duplicate and QC samples) amounted 13 %. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -5.5 and 0.3% difference is observed (see Figure 
42). 

 

Figure 40 Sn results of the soil samples using the 3 digestion methods 

 

Figure 41 % CVR of the 3 Sn results by sample 
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Figure 42 Difference between the reference method for Sn and the 2 alternative methods 
 

 Element vanadium 

In Figure 43 the V results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the V results with the 3 digestion methods was calculated per 
sample and are presented in Figure 44. From all samples analysed the CVR is situated below 6%. The 
pooled CVR of the 14 samples (including duplicate and QC samples) amounted 2.5%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -2.9 and -0.6% difference is observed (see Figure 
45). 

 

Figure 43 V results of the soil samples using the 3 digestion methods 
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Figure 44 % CVR of the 3 V results by sample 

 

Figure 45 Difference between the reference method for V and the 2 alternative methods 
 

3.5 Results of major elements 

 Element sodium 

In  Figure 46 the Na results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Na results with the 3 digestion methods was calculated per 
sample and are presented in Figure 47. From all samples analysed the CVR is situated below 4%. The 
pooled CVR of the 14 samples (including duplicate and QC samples) amounted 2.1%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -1.1 and 2.0% difference is observed (see Figure 
48). 
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Figure 46 Na results of the soil samples using the 3 digestion methods 

 

Figure 47 % CVR of the 3 Na results by sample 

 

Figure 48 Difference between the reference method for Na and the 2 alternative methods 
 

 Element magnesium 

In Figure 49 the Mg results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Mg results with the 3 digestion methods was calculated per 
sample and are presented in Figure 50. From all samples analysed the CVR is situated below 10%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 5.2%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -4.9 and 1.5% difference is observed (see Figure 
51). 
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Figure 49 Mg results of the soil samples using the 3 digestion methods 

 

Figure 50 % CVR of the 3 Mg results by sample 

 

Figure 51 Difference between the reference method for Mg and the 2 alternative methods 
 

 Element aluminium 

In Figure 52 the Al results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Al results with the 3 digestion methods was calculated per 
sample and are presented in Figure 53. From all samples analysed the CVR is situated below 12%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 6.5%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 0.3 and 6.9% difference is observed (see Figure 
54). 
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Figure 52 Al results of the soil samples using the 3 digestion methods 

 

Figure 53 % CVR of the 3 Al results by sample 

 

Figure 54 Difference between the reference method for Al and the 2 alternative methods 
 

 Element potassium 

In Figure 55 the K results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the K results with the 3 digestion methods was calculated per 
sample and are presented in Figure 56. From all samples analysed the CVR is situated below 9%. The 
pooled CVR of the 14 samples (including duplicate and QC samples) amounted 3.9%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -1.7 and 2.8% difference is observed (see Figure 
57). 
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Figure 55 K results of the soil samples using the 3 digestion methods 

 

Figure 56 % CVR of the 3 K results by sample 

 

Figure 57 Difference between the reference method for K and the 2 alternative methods 
 

 Element calcium 

In Figure 58 the Ca results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Ca results with the 3 digestion methods was calculated per 
sample and are presented in Figure 59. From all samples analysed the CVR is situated below 10%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 4.0%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -0.8 and 4.8% difference is observed (see Figure 
60). 
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Figure 58 Ca results of the soil samples using the 3 digestion methods 

 

Figure 59 % CVR of the 3 Ca results by sample 

 

Figure 60 Difference between the reference method for Ca and the 2 alternative methods 
 

 Element titanium 

In  Figure 61 the Ti results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Ti results with the 3 digestion methods was calculated and 
are presented in Figure 62. From all samples analysed the CVR is situated below 30%. The pooled 
CVR of the 14 samples (including duplicate and QC samples) amounted 14%. For the Ti results 
differences are observed in comparison with the reference method, especially when applying the HBF4 
digestion with the power controlled microwave digestion. This digestion method results in a systematic 
underestimation of about 20%. When applying the HBF4 digestion with the temperature controlled 
microwave digestion, this effect is not so pronounced present. 
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When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 23 and 5.7% difference is observed (see Figure 
63). 

 

Figure 61 Ti results of the soil samples using the 3 digestion methods 

 

Figure 62 % CVR of the 3 Ti results by sample 

 

Figure 63 Difference between the reference method for Ti and the 2 alternative methods 
 

 Element manganese 

In Figure 64 the Mn results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Mn results with the 3 digestion methods was calculated per 
sample and are presented in Figure 65. From all samples analysed the CVR is situated below 8%. The 
pooled CVR of the 14 samples (including duplicate and QC samples) amounted 3.7%. 
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When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -4.5 and 0.7% difference is observed (see Figure 
66). 

 

Figure 64 Mn results of the soil samples using the 3 digestion methods 

 

Figure 65 % CVR of the 3 Mn results by sample 

 

Figure 66 Difference between the reference method for Mn and the 2 alternative methods 
 

 Element iron 

In Figure 67 the Fe results of the different soil samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Fe results with the 3 digestion methods was calculated per 
sample and are presented in Figure 68. From all samples analysed the CVR is situated below 5%. The 
pooled CVR of the 14 samples (including duplicate and QC samples) amounted 1.4%. 
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When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -0.2 and -1.2% difference is observed (see Figure 
69). 

 

Figure 67 Fe results of the soil samples using the 3 digestion methods 

 

Figure 68 % CVR of the 3 Fe results by sample 

 

Figure 69 Difference between the reference method for Fe and the 2 alternative methods 
 

3.6 Evaluation of the trueness of the QC samples in the digestion run of the soil 
samples 

During the digestion process two control samples were analysed together with the other soil samples. 
As control samples a round robin soil sample (SETOC 701) – QC1 - , distributed by Wageningen, and 
a certified soil samples (NIST 2711) – QC 2 – was included in the analytical process. For each 
digestion procedure, 2 digestion runs were carried out. The SETOC 701 control sample was always 
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included in the first run of the digestion, the NIST 2711 was included in the second run. The obtained 
results and their recovery are presented in Table 2. 

As reference value for the SETOC 701 QC sample, data of the available control chart were used. 
These control chart data were obtained after digestion with HF:HNO3:HCl using a power controlled 
digestion programme. The reference value was derived on the basis of digestions with 4 ml HF (see 
remark) instead of 2 ml HF. Maybe this might be the reason why the recovery for Cr is for the 3 
applied digestion methods (with 2 ml of HF or HBF4) limited to about 90%.  

Remark: To avoid gel formation in case Si is present in a high content (± 30%), 4 ml of HF is 
added for digestion. 

Note that the performance check is based on the comparison of single measurement results.  

 

 

 

 

 

Table 2 Overview of the performance of the QC samples 

 
Digestion 
procedure 

QC1 
mg/kg dm 

Ref.value 
mg/kg dm 

Recovery 
% 

Nist 2711 
mg/kg dm 

Ref. value 
mg/kg dm 

Recovery 
% 

As HF power 35 33,6 105% 104 105 100% 

 HBF4 power 35 33,6 103% 104 105 99% 

 HBF4 temp 35 33,6 103% 100 105 95% 
Cd HF power 2,5 2,6 95% 39 41,7 95% 

 HBF4 power 2,5 2,6 94% 41 41,7 98% 

 HBF4 temp 2,5 2,6 96% 40 41,7 96% 
Cr HF power 121 131,8 92% 42 47 89% 

 HBF4 power 117 131,8 89% 43 47 91% 

 HBF4 temp 122 131,8 92% 42 47 89% 
Cu HF power 103 103,9 99% 119 114 105% 

 HBF4 power 100 103,9 96% 115 114 101% 

 HBF4 temp 101 103,9 97% 116 114 102% 
Pb HF power 167 171,5 97% 1102 1162 95% 

 HBF4 power 167 171,5 98% 1124 1162 97% 

 HBF4 temp 170 171,5 99% 1134 1162 98% 
Ni HF power 46 46,6 98% 21 20,6 101% 

 HBF4 power 45 46,6 98% 22 20,6 106% 

 HBF4 temp 45 46,6 97% 20 20,6 99% 
Zn HF power 487 515 95% 365 350,1 104% 

 HBF4 power 492 515 95% 381 350,4 109% 

 HBF4 temp 490 515 95% 356 350,4 102% 
Sb HF power    22 19,4 115% 

 HBF4 power    22 19,4 112% 

 HBF4 temp    21 19,4 111% 

Legend: 

• HF power: digestion using HF:HNO3:HCl with power controlled digestion procedure 
• HBF4 power: digestion using HBF4 with power controlled digestion procedure 
• HBF4 temp: digestion using HBF4 with temperature controlled digestion procedure 
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Digestion 
procedure 

QC1 
mg/kg dm 

Ref.value 
mg/kg dm 

Recovery 
% 

Nist 2711 
mg/kg dm 

Ref. value 
mg/kg dm 

Recovery 
% 

Ba HF power    698 726 96% 

 HBF4 power    681 726 94% 

 HBF4 temp    657 726 90% 
Co HF power    9,3 10 93% 

 HBF4 power    9,1 10 91% 

 HBF4 temp    10 10 104% 
Mo HF power    1,7 1,6 105% 

 HBF4 power    1,8 1,6 111% 

 HBF4 temp    1,6 1,6 98% 
V HF power    91 81,6 112% 

 HBF4 power    94 81,6 115% 

 HBF4 temp    91 81,6 112% 
Na HF power    11093 11400 97% 

 HBF4 power    11403 11400 100% 

 HBF4 temp    10630 11400 93% 
Mg HF power    9487 10500 90% 

 HBF4 power    10041 10500 96% 

 HBF4 temp    8828 10500 84% 
Al HF power    63365 65300 97% 

 HBF4 power    64150 65300 98% 

 HBF4 temp    55086 65300 84% 
K HF power    23068 24500 94% 

 HBF4 power    23299 24500 95% 

 HBF4 temp    22023 24500 90% 
Ca HF power    27403 28800 95% 

 HBF4 power    27876 28800 97% 

 HBF4 temp    25820 28800 90% 
Ti HF power    2522 3060 82% 

 HBF4 power    2067 3060 68% 

 HBF4 temp    2388 3060 78% 
Mn HF power    638 638 100% 

 HBF4 power    660 638 103% 

 HBF4 temp    638 638 100% 
Fe HF power    27283 28900 94% 

 HBF4 power    27721 28900 96% 

 HBF4 temp    27800 28900 96% 
Italic: indicative value 

3.7 Overview of all elements 

Per element and per sample the ratio was calculated between the alternative method (HBF4 power or 
HBF4 temp) and the reference method (HF power). The distribution for the different elements is 
presented by a Box and Whisker plot, as shown in Figure 70 till Figure 74.  

Note that the evaluation is based on the comparison of single measurement results.  
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Legend 

R1 Ratio HBF4 acid digestion, power controlled versus HF digestion, power controlled 

R2  Ratio HBF4 acid digestion, temperature controlled versus HF digestion, power controlled 

For the elements As, Cd, Cr, Cu, Pb, Ni, Zn and Hg in soil samples the median values fluctuate 
around 1, indicating that comparable results are obtained with the reference method and the 
alternative methods. Globally, most of the data results in a ratio between 0.8 and 1.2. 

Box Plot of  multiple v ariables
Bodem-statistica-1 48v *16c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 70 Overview ratio alternative methods vs the reference method for the elements As, 
Cd,Cr and Cu in soil samples 

Box Plot of  multiple v ariables
Bodem-statistica-1 48v *16c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 71 Overview ratio alternative methods vs the reference method for the elements Pb, Ni, 
Zn and Hg in soil samples 

 

For the other trace elements Sb, Ba, Co , Mo and V in soil samples the median values also fluctuate 
around 1, indicating a good correspondence. Most of the data results in a ratio between 0.8 and 1.2. 
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Box Plot of  multiple v ariables
Bodem-statistica-1 48v *16c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 72 Overview ratio alternative methods vs the reference method for the elements Sb, Ba, 
Co , Mo and V in soil samples 

For the major elements Na, Mg, Al, K, Ca, Ti, Mn and Fe in soil samples also a median ratio around 1 
is obtained, except for the element Ti. Especially the results obtained with the ‘HBF4 power’ method 
are significantly lower than with the reference method ‘HF power’. Globally, with exception for Ti, most 
of the data are situated between a ratio of 0.8 and 1.1. 

Box Plot of  multiple v ariables
Bodem-statistica-1 48v *16c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 73 Overview ratio alternative methods vs the reference method for the elements Na, Mg, 
Al and K in soil samples 
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Box Plot of  multiple v ariables
Bodem-statistica-1 48v *16c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 74 Overview ratio alternative methods vs the reference method for the elements Ca, Ti, 
Mn and Fe in soil samples 
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4 Digestion of waste samples 

4.1 Selected waste samples 

A different range of waste samples were selected for evaluation of the digestion procedure, among 
which also waste samples used in the validation study of EN 13656 and EN 13657, performed in 
1999. The following waste samples were selected: 

• Sample 1: Shredder (< 1 mm) 
• Sample 2: Sewage sludge 
• Sample 3: Bottom ash 
• Sample 4: Sewage sludge  
• Sample 5: Sample CEN 6/99 Fly ash CW6 
• Sample 6: Sample CEN 7/99 Bottom ash CW4 
• Sample 7: Sample CEN 8/99 Ink waste CW12 
• Sample 8: Sample CEN 9/99 Sewage sludge of electronic waste SL 11 
• Sample 9: Sample CEN 10/99 Sewage sludge BCR 146R (certified reference sample) 
• Sample 10: Sample BCR 176R Incineration ash powder (replaces CEN 11/99 BCR 176: same 

matrix, other reference values) 
• Sample 11: Sample CEN 11/99 BCR 176 Incineration ash powder 

 
The samples 5 to 9, and 11, were the same samples used in the validation trial of EN 13656 and 
13657, and they were already dried and fine ground. Sample 10 is a certified reference material which 
was also used in the validation trial of 1999, but now the successor was applied resulting in a sample 
with a similar matrix but with different concentrations. Before digestion, only a short drying period of 
about 4 hours at 105°C was applied. The shredder sample was dried at 105°C and fine ground with a 
cutting mill to a particle size < 1 mm. The samples 2 to 4 were dried at 105°C overnight and fine 
ground with the planetary ball mill  (according to EN 13656 < 250 µm). As control samples a round 
robin soil sample (SETOC 701) – QC1 -, distributed by Wageningen, and a certified soil samples 
(NIST 2711) – QC 2 – were included in the analytical process. 

The samples 1 to 10 were analysed by the VITO laboratory; the samples 5 to 9, and 11, were 
analysed by Suez Environnement. 

4.2 Description digestion procedure and ICP-AES/CV-AFS measurements 

The same digestion procedures and analytical methods as described in paragraph 3.2 on page 6 were 
applied. 

4.3 Evaluation of the digestion process 

As the system is equipped with an immersing temperature probe with integrated pressure sensor in 
the first reference vessel and infrared sensors to measure the temperature of each vessel, is was 
interesting to follow up the digestion profiles during the complete cycle. 

In Figure 75 the digestion profiles of the waste samples using HF:HNO3:HCl (run 1 and run 2, 
respectively) with a power controlled program are shown. The temperature in vessel 1, monitored with 
the probe, raised up to 145-150°C when reaching the full power of 500 W. The temperature profiles, 
monitored with the IR sensor, looks quite similar (except the one of the blanc samples, which has a 
lower maximum temperature). 
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7    

Figure 75 Digestion profile of the waste samples using HF:HNO3:HCl (left: run 1, right: run 2) – 
power controlled program 

In Figure 76 the digestion profiles of the waste samples using HBF4 (run 1 and run 2, respectively) 
with a power controlled program are shown. The temperature in vessel 1, monitored with the probe, 
raised up to 140-160°C when reaching the full power of 500 W. The temperature profiles, monitored 
with the IR sensor, looks quite similar (except the one of the blanc samples, which has a lower 
maximum temperature). 

   

Figure 76 Digestion profile of the waste samples using HBF4 (left: run 1, right: run 2) – power 
controlled program 

In Figure 77 the digestion profile of the waste samples using HBF4 (run 1) with a temperature 
controlled program are shown. In run 1 the temperature is raised up to 175°C. All the IR measurement 
shows comparable profiles with temperatures between 140  and 180°C. The power increased up to 
about 1100 W and then drops to about 400 W. In the meanwhile the pressure is increased up to 25 
bar when reaching the max. power of 1100 W. 

 

Figure 77 Digestion profile of the soil samples using HBF4 (run 1) – temperature controlled 
program 
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4.4 Results of the trace elements 

In the following paragraphs the results obtained by VITO with the different digestion procedures are 
presented per element. Duplicate samples (including digestion) are marked with ‘b’. The reference 
method is always indicated as ‘HF power’, while the alternative methods are indicated as ‘HBF4 power’ 
and HBF4 temp’. Note that the evaluation is based on the comparison of single measurement results.  

The evaluation of the different samples, selected from the validation study of EN 13656:2002, and 
analysed by both VITO and Suez Environnement, is per sample described in paragraphs 4.7 till 4.12 
starting on page 67. An overview of all elements, derived from the VITO results, is presented in 
paragraph 4.13 on page 79.  

The individual results for all samples, parameters and digestions, obtained by VITO, are compiled in 
Annex B.  

 Element arsenic 

In Figure 78 the As results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the As results with the 3 digestion methods was calculated per 
sample and are presented in Figure 79. From all samples analysed the CVR is situated below 18%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 8.7%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 2.5 and -4.5% difference is observed (see Figure 
80). 

 

Figure 78 As results of the waste samples using the 3 digestion methods 

 

Figure 79 % CVR of the 3 As results by sample 
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Figure 80 Difference between the reference method for As and the 2 alternative methods 
 

 Element cadmium 

In Figure 81 the Cd results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Cd results with the 3 digestion methods was calculated per 
sample and are presented in Figure 82. From all samples analysed the CVR is situated below 8%. The 
pooled CVR of the 11 samples (including duplicate and QC samples) amounted 3.8%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 2.2 and -1.1% difference is observed (see Figure 
83). 

 

Figure 81 Cd results of the waste samples using the 3 digestion methods 
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Figure 82 % CVR of the 3 Cd results by sample 

 

Figure 83 Difference between the reference method for Cd and the 2 alternative methods 
 

 Element chromium 

In Figure 84 the Cr results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Cr results with the 3 digestion methods was calculated per 
sample and are presented in Figure 85. From all samples analysed the CVR is situated below 20%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 7.0%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 2.1 and -4.8% difference is observed (see Figure 
86). 
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Figure 84 Cr results of the waste samples using the 3 digestion methods 

 

Figure 85 % CVR of the 3 Cr results by sample 

 

Figure 86 Difference between the reference method for Cr and the 2 alternative methods 
 

 Element cupper 

In Figure 87 the Cu results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Cu results with the 3 digestion methods was calculated per 
sample and are presented in Figure 88. From all samples analysed the CVR is situated below 25%, for 
most of the samples even less than 10%. The pooled CVR of the 14 samples (including duplicate and 
QC samples) amounted 6.3%. It should be noted that for sample 1 (shredder) the measurement 
deviation is larger compared to the other samples. This is also observed for other elements e.g. Mn, 
Mo, Na, Sn, Ti, and probably attributed to the heterogeneity of the sample rather than to the digestion 
procedure. Especially with a particle size of < 1 mm a larger measurement deviation can be expected. 
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When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 0.4 and -1.2% difference is observed (see Figure 
89). 

 

Figure 87 Cu results of the waste samples using the 3 digestion methods 

 

Figure 88 % CVR of the 3 Cu results by sample 

 

Figure 89 Difference between the reference method for Cu and the 2 alternative methods 
 

 Element lead 

In Figure 90 the Pb results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Pb results with the 3 digestion methods was calculated per 
sample and are presented in Figure 91. From all samples analysed the CVR is situated below 10%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 3.1%. 
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When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 0.3 and 0.1% difference is observed (see Figure 
92). 

 

Figure 90 Pb results of the waste samples using the 3 digestion methods 

 

Figure 91 % CVR of the 3 Pb results by sample 

 

Figure 92 Difference between the reference method for Pb and the 2 alternative methods 
 

 Element nickel 

In Figure 93 the Ni results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Ni results with the 3 digestion methods was calculated per 
sample and are presented in Figure 94. From all samples analysed the CVR is situated below 12%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 5.9%. 
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When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 1.6 and -2.3% difference is observed (see Figure 
95). 

 

Figure 93 Ni results of the waste samples using the 3 digestion methods 

 

Figure 94 % CVR of the 3 Ni results by sample 

 

Figure 95 Difference between the reference method for Ni and the 2 alternative methods 
 

 Element zinc 

In Figure 96 the Zn results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Zn results with the 3 digestion methods was calculated per 
sample and are presented in Figure 97. From all samples analysed the CVR is situated below 12%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 4.5%. 
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When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 1.1 and -1.6% difference is observed (see Figure 
98). 

 

Figure 96 Zn results of the waste samples using the 3 digestion methods 

 

Figure 97 % CVR of the 3 Zn results by sample 

 

Figure 98 Difference between the reference method for Zn and the 2 alternative methods 
 

 Element mercury 

In Figure 99 the Hg results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Hg results with the 3 digestion methods was calculated per 
sample and are presented in Figure 100. From all samples analysed the CVR is situated below 12%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 5.1%. 
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When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 0.6 and -3.7% difference is observed (see Figure 
101). 

 

Figure 99 Hg results of the waste samples using the 3 digestion methods 

 

Figure 100 % CVR of the 3 Hg results by sample 

 

Figure 101 Difference between the reference method for Hg and the 2 alternative methods 
 

 Element antimony 

In Figure 102 the Sb results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Sb results with the 3 digestion methods was calculated per 
sample and are presented in Figure 103. From all samples analysed the CVR is situated below 25%. 
The highest CVR values (e.g. sample 3 and 4) were obtained on samples with a concentration level 
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around or lower than 10 mg/kg dm. The pooled CVR of the 13 samples (including duplicate and QC 
samples) amounted 11%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 6.1 and 0.0% difference is observed (see Figure 
104). 

 

 

Figure 102 Sb results of the waste samples using the 3 digestion methods 

 

Figure 103 % CVR of the 3 Sb results by sample 

 

Figure 104 Difference between the reference method for Sb and the 2 alternative methods 
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 Element barium 

In Figure 105 the Ba results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Ba results with the 3 digestion methods was calculated per 
sample and are presented in Figure 106. From all samples analysed, except sample 7, the CVR is 
situated below 25%. For sample 4 a high deviation between the 3 methods is observed, especially the 
HF power method results in a higher measured concentration compared to the 2 alternative methods. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 14%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 2.6 and -6.5% difference is observed (see Figure 
107). 

 

Figure 105 Ba results of the waste samples using the 3 digestion methods 

 

Figure 106 % CVR of the 3 Ba results by sample 
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Figure 107 Difference between the reference method for Ba and the 2 alternative methods 
 

 Element cobalt 

In Figure 108 the Co results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Co results with the 3 digestion methods was calculated per 
sample and are presented in Figure 109. From all samples analysed, except for sample 9, the CVR is 
situated below 13%. For sample 9 with a low concentration level of less than 5 mg/kg dm a CVR of 
22% was obtained. The pooled CVR of the 13 samples (including duplicate and QC samples) 
amounted 8.1%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 1.8 and -3.6% difference is observed (see Figure 
110). 

 

Figure 108 Co results of the waste samples using the 3 digestion methods 
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Figure 109 % CVR of the 3 Co results by sample 

 

Figure 110 Difference between the reference method for Co and the 2 alternative methods 
 

 Element manganese 

In Figure 111 the Mn results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Mn results with the 3 digestion methods was calculated per 
sample and are presented in Figure 112. From all samples analysed the CVR is situated below 12%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 5.2%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 1.2 and -3.8% difference is observed (see Figure 
113). 
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Figure 111 Mn results of the waste samples using the 3 digestion methods 

 

Figure 112 % CVR of the 3 Mn results by sample 

 

Figure 113 Difference between the reference method for Mn and the 2 alternative methods 
 

 Element molybdenum 

In Figure 114 the Mo results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Mo results with the 3 digestion methods was calculated per 
sample and are presented in Figure 115. From all samples analysed the CVR is situated below 14%. 
The pooled CVR of the 12 samples (including duplicate and QC samples) amounted 7.4%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 4.8 and -5.8% difference is observed (see Figure 
116). 
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Figure 114 Mo results of the waste samples using the 3 digestion methods 

 

Figure 115 % CVR of the 3 Mo results by sample 

 

Figure 116 Difference between the reference method for Mo and the 2 alternative methods 
 

 Element selenium 

In Figure 117 the Se results of the different waste samples are presented. Only 4 samples contained 
measurable value of Se. 

The % coefficient of variation (CVR) of the Se results with the 3 digestion methods was calculated per 
sample and are presented in Figure 118. From the 4 samples the CVR is situated below 13%. The 
pooled CVR of the 4 samples (including duplicate and QC samples) amounted 7.6%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -8.2 and -2.6% difference is observed (see Figure 
119). 
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Figure 117 Se results of the waste samples using the 3 digestion methods 

 

Figure 118 % CVR of the 3 Se results by sample 

 

Figure 119 Difference between the reference method for Se and the 2 alternative methods 
 

 Element tin 

In Figure 120 the Sn results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Sn results with the 3 digestion methods was calculated per 
sample and are presented in Figure 121. From all samples analysed, except sample 1b, the CVR is 
situated below 16%. A higher value of 35% was obtained of the duplicate sample 1b – a shredder < 1 
mm - (note that sample 1 had a CVR of 10%). The pooled CVR of the 10 samples (including duplicate 
and QC sample) amounted 9.9%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
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controlled digestion), a median value of respectively 3.8 and 2.0% difference is observed (see Figure 
122). 

 

Figure 120 Sn results of the waste samples using the 3 digestion methods 

 

Figure 121 % CVR of the 3 Sn results by sample 

 

Figure 122 Difference between the reference method for Sn and the 2 alternative methods 
 

 Element vanadium 

In Figure 123 the V results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the V results with the 3 digestion methods was calculated per 
sample and are presented in Figure 124. From all samples analysed the CVR is situated below 14%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 6.5%. 



4 - Digestion of waste samples 
 

2019/SCT/R/1878                                                                                                                                                                  57 
 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 1.4 and -5.3% difference is observed (see Figure 
125). 

 

Figure 123 V results of the waste samples using the 3 digestion methods 

 

Figure 124 % CVR of the 3 V results by sample 

 

Figure 125 Difference between the reference method for V and the 2 alternative methods 
 

4.5 Results of major elements 

 Element sodium 

In Figure 126  the Na results of the different waste samples and the quality control (QC) samples are 
presented. 



4 - Digestion of waste samples 
 

58                                                                                                                                                                      2019/SCT/R/1878 
                         

The % coefficient of variation (CVR) of the Na results with the 3 digestion methods was calculated per 
sample and are presented in Figure 127. From all samples analysed the CVR is situated below 15%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 5.8%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -3.9 and -5.1% difference is observed (see Figure 
128). 

 

Figure 126 Na results of the waste samples using the 3 digestion methods 

 

Figure 127 % CVR of the 3 Na results by sample 

 

Figure 128 Difference between the reference method for Na and the 2 alternative methods 
 

 Element magnesium 

In Figure 129 the Mg results of the different waste samples and the quality control (QC) samples are 
presented. 
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The % coefficient of variation (CVR) of the Mg results with the 3 digestion methods was calculated per 
sample and are presented in Figure 130. From all samples analysed the CVR is situated below 14%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 4.3%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -1.2 and 0.8% difference is observed (see Figure 
131). 

 

Figure 129 Mg results of the waste samples using the 3 digestion methods 

 

Figure 130 % CVR of the 3 Mg results by sample 

 

Figure 131 Difference between the reference method for Mg and the 2 alternative methods 
 

 Element aluminium 

In Figure 132 the Al results of the different waste samples and the quality control (QC) samples are 
presented. 
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The % coefficient of variation (CVR) of the Al results with the 3 digestion methods was calculated per 
sample and are presented in Figure 133. From all samples analysed the CVR is situated below 14%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 4.7%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -0.3 and 0.2% difference is observed (see Figure 
134). 

 

Figure 132 Al results of the waste samples using the 3 digestion methods 

 

Figure 133 % CVR of the 3 Al results by sample 

 

Figure 134 Difference between the reference method for Al and the 2 alternative methods 
 Element potassium 

In Figure 135 the K results of the different waste samples and the quality control (QC) samples are 
presented. 
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The % coefficient of variation (CVR) of the K results with the 3 digestion methods was calculated per 
sample and are presented in Figure 136. From all samples analysed the CVR is situated below 14%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 6.4%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -4.7 and -7.2% difference is observed (see Figure 
137). 

 

Figure 135 K results of the waste samples using the 3 digestion methods 

 

Figure 136 % CVR of the 3 K results by sample 

 

Figure 137 Difference between the reference method for K and the 2 alternative methods 
 

 Element calcium 

In Figure 138 the Ca results of the different waste samples and the quality control (QC) samples are 
presented. 
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The % coefficient of variation (CVR) of the Ca results with the 3 digestion methods was calculated per 
sample and are presented in Figure 139. From all samples analysed, except sample 10, the CVR is 
situated below 8%. Only sample 10 had a CVR of 22% which is caused by a lower concentration 
obtained with the reference method in comparison with the 2 alternative methods. The pooled CVR of 
the 14 samples (including duplicate and QC samples) amounted 4.4%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively -0.8 and -0.1% difference is observed (see Figure 
140). 

 

Figure 138 Ca results of the waste samples using the 3 digestion methods 

 

Figure 139 % CVR of the 3 Ca results by sample 

 

Figure 140 Difference between the reference method for Ca and the 2 alternative methods 
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 Element titanium 

In  Figure 141 the Ti results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Ti results with the 3 digestion methods was calculated per 
sample and are presented in Figure 142. The CVR of all samples fluctuates between 8 and 50%. The 
pooled CVR of the 14 samples (including duplicate and QC samples) amounted 22%. For the Ti results 
differences are observed for the alternative methods in comparison with the reference method, 
especially when applying the HBF4 digestion with the power controlled microwave digestion. This 
digestion method results in a systematic underestimation of about 20%. When applying the HBF4 
digestion with the temperature controlled microwave digestion, this effect is less pronounced. A silimar 
profile was observed for the soil samples. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 33 and 9.3% difference is observed (see Figure 
143). 

 

Figure 141 Ti results of the waste samples using the 3 digestion methods 

 

Figure 142 % CVR of the 3 Ti results by sample 
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Figure 143 Difference between the reference method for Ti and the 2 alternative methods 
 

 Element iron 

In  Figure 144 the Fe results of the different waste samples and the quality control (QC) samples are 
presented. 

The % coefficient of variation (CVR) of the Fe results with the 3 digestion methods was calculated per 
sample and are presented in Figure 145. From all samples analysed the CVR is situated below 16%. 
The pooled CVR of the 14 samples (including duplicate and QC samples) amounted 4.3%. 

When calculating the % difference between the reference method (HF:HNO3:HCl, power controlled 
digestion) and the 2 alternative methods (HBF4, power controlled digestion and HBF4, temperature 
controlled digestion), a median value of respectively 2.0 and -1.0% difference is observed (see Figure 
146). 

 

Figure 144 Fe results of the waste samples using the 3 digestion methods 
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Figure 145 % CVR of the 3 Fe results by sample 

 

Figure 146 Difference between the reference method for Fe and the 2 alternative methods 
 

4.6 Evaluation of the trueness of the QC samples in the digestion run of the waste 
samples 

During the digestion process two control samples were analysed together with the other waste 
samples. As control samples a round robin soil sample (SETOC 701) – QC1 - , distributed by 
Wageningen, and a certified soil samples (NIST 2711) – QC 2 – was included in the analytical 
process. For each digestion procedure, 2 digestion runs were carried out. The SETOC 701 control 
sample was always included in the first run of the digestion, the NIST 2711 was included in the second 
run. The obtained results and their recovery are presented in Table 2. 

As reference value for the SETOC 701 QC sample, data of the available control chart were used. 
These control chart data were obtained after digestion with HF:HNO3:HCl using a power controlled 
digestion programme. The reference value was derived on the basis of digestions with 4 ml HF (see 
remark) instead of 2 ml HF. Maybe this might be the reason why the recovery for Cr is for the 3 
applied digestion methods (with 2 ml of HF or HBF4) limited to about 90%. 

Remark: To avoid gel formation in case Si is present in a high content (± 30%), 4 ml of HF is 
added for digestion. 

Note that the performance check is based on the comparison of single measurement results.  

 

 

 

Legend: 

• HF power: digestion using HF:HNO3:HCl with power controlled digestion procedure 
• HBF4 power: digestion using HBF4 with power controlled digestion procedure 
• HBF4 temp: digestion using HBF4 with temperature controlled digestion procedure 
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Table 3 Overview of the performance of the QC samples 

 
Digestion 
procedure 

QC1 
mg/kg dm 

Ref.value 
mg/kg dm 

Recovery 
% 

Nist 2711 
mg/kg dm 

Ref. value 
mg/kg dm 

Recovery 
% 

As HF power 36 33,6 107% 105 105 100% 

 HBF4 power 31 33,6 92% 115 105 110% 

 HBF4 temp 38 33,6 114% 108 105 103% 
Cd HF power 2,4 2,6 93% 40 41,7 95% 

 HBF4 power 2,5 2,6 96% 41 41,7 98% 

 HBF4 temp 2,5 2,6 96% 42 41,7 101% 
Cr HF power 125 131,8 95% 42 47 89% 

 HBF4 power 121 131,8 91% 40 47 85% 

 HBF4 temp 133 131,8 101% 42 47 89% 
Cu HF power 104 103,9 100% 119 114 104% 

 HBF4 power 103 103,9 99% 112 114 98% 

 HBF4 temp 101 103,9 97% 115 114 101% 
Pb HF power 175 171,5 102% 1102 1162 95% 

 HBF4 power 176 171,5 102% 1131 1162 97% 

 HBF4 temp 180 171,5 105% 1193 1162 103% 
Ni HF power 47 46,6 101% 21 20,6 102% 

 HBF4 power 43 46,6 92% 22 20,6 106% 

 HBF4 temp 47 46,6 102% 24 20,6 116% 
Zn HF power 505 515 98% 365 350,1 104% 

 HBF4 power 570 515 111% 344 350,4 98% 

 HBF4 temp 527 515 102% 381 350,4 109% 
Sb HF power    22 19,4 114% 

 HBF4 power    19 19,4 100% 

 HBF4 temp    25 19,4 129% 
Ba HF power    698 726 96% 

 HBF4 power    661 726 91% 

 HBF4 temp    650 726 89% 
Co HF power    9,3 10 93% 

 HBF4 power    10,1 10 101% 

 HBF4 temp    10 10 100% 
Mo HF power    1,7 1,6 106% 

 HBF4 power    1,6 1,6 101% 

 HBF4 temp    1,8 1,6 114% 
V HF power    91 81,6 112% 

 HBF4 power    81 81,6 99% 

 HBF4 temp    88 81,6 108% 
Na HF power    11093 11400 97% 

 HBF4 power    11414 11400 100% 

 HBF4 temp    11059 11400 97% 
Mg HF power    9487 10500 90% 

 HBF4 power    9830 10500 94% 

 HBF4 temp    9395 10500 89% 
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Digestion 
procedure 

QC1 
mg/kg dm 

Ref.value 
mg/kg dm 

Recovery 
% 

Nist 2711 
mg/kg dm 

Ref. value 
mg/kg dm 

Recovery 
% 

Al HF power    63365 65300 97% 

 HBF4 power    61460 65300 94% 

 HBF4 temp    61783 65300 95% 
K HF power    23068 24500 94% 

 HBF4 power    19506 24500 80% 

 HBF4 temp    18720 24500 76% 
Ca HF power    27403 28800 95% 

 HBF4 power    27673 28800 96% 

 HBF4 temp    27179 28800 94% 
Ti HF power    2522 3060 82% 

 HBF4 power    2092 3060 68% 

 HBF4 temp    2424 3060 79% 
Mn HF power    638 638 100% 

 HBF4 power    653 638 102% 

 HBF4 temp    688 638 108% 
Fe HF power    27283 28900 94% 

 HBF4 power    27586 28900 95% 

 HBF4 temp    28693 28900 99% 
Italic: indicative value 

 

4.7 Overview of sample CEN 6/99 Fly ash 

The results of sample CEN 6/99 obtained with the different digestion methods were compared with the 
mean values of this sample obtained during the validation trial of EN 13656 in 1999. Data obtained 
from both VITO and Suez Environnement, are included. For each element and digestion method the 
recovery was calculated relative to the mean value included in EN 13656. The obtained results are 
presented in Table 4 and Figure 147. The figure also includes the reproducibility coefficient of variation 
(2 x CVR, 95% confidence interval) of the validation trial. 

The results obtained with the ‘HF power’ method are results obtained according to EN 13656. The 
other methods ‘HBF4 power’ and HBF4 temp’ are modified methods. In general, the obtained results fit 
within the measurement uncertainty of the validation trial. Only for Ti deviated results are observed, 
applicable for all 3 digestion methods. There is no indication that different results are obtained with the 
reference method and the 2 alternative methods. 
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Figure 147 Results of CEN 6/99 Fly ash from 2 laboratories using different digestion methods 
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Table 4 Results of CEN 6/99 Fly ash from 2 laboratories for the different digestion methods 

 
EN 13656 

Mean* 
mg/kg dm 

EN 13656 
Reprod. 

% 

Lab 1 
Sample 

HF power 
Rec. 

% 
Lab 2 

Sample 
HF power 

Rec. 
% 

Lab 1 
Sample 

HBF4 power 
Rec 
% 

Lab 2 
Sample 

HBF4 power 
Rec 
% 

Lab 1 
Sample 

HBF4 temp 
Rec. 

% 

Al 39207 42 40258 103% 46200 118% 47124 120% 46810 119% 46563 119% 
Sb 1250 8,3 1151 92% - - 1126 90% - - 1061 85% 
As 41 31 41 102% 47 115% 42 105% 42 102% 52 127% 
Ba 1131 31 1020 90% 1042 92% 804 71% 1380 122% 1308 116% 
Cd 435 7,7 424 98% 322 74% 422 97% 300 69% 425 98% 
Ca 149675 6 127951 85% - - 141678 95% - - 143719 96% 
Cr 528 11 469 89% 422 80% 472 89% 378 72% 558 106% 
Co 31 32 25 81% - - 23 75% - - 26 83% 
Fe 10060 10 10278 102% 9476 94% 10297 102% 10207 101% 10990 109% 
K 65117 12 50225 77% - - 54941 84% - - 65463 101% 

Cu 2076 5,7 1874 90% 1944 94% 1989 96% 2181 105% 1944 94% 
Pb 10085 10 10259 102% 9682 96% 10084 100% 10985 109% 10363 103% 
Mg 11461 7,6 9424 82% 11605 101% 11197 98% 11124 97% 11784 103% 
Mn 541 3,4 519 96% - - 534 99% - - 545 101% 
Mo 38 70 25 67% - - 24 64% - - 27 72% 
Na 63630 4,8 52575 83% 62406 98% 61488 97% 71091 112% 63956 101% 
Ni 78 16 70 90% 46 59% 57 74% 58 74% 69 89% 
Se 31 44 31 100% - - 34 110% - - 34 112% 
Sn 1458 15 1338 92% 1241 85% 1378 94% 1675 115% 1499 103% 
Ti 9074 4,1 7320 81% - - 6760 74% - - 7992 88% 
V 26 32 23 89% 19 73% 22 85% 22 85% 25 96% 
Zn 30002 8,9 27529 92% 26854 90% 27254 91% 26635 89% 29303 98% 
Hg 6,0 7,3 5,7 94% 6 100% 5,8 96% 5 83% 6,1 100% 

*Result from the validation study of EN 13626:2002; considered as reference value 
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4.8 Overview of sample CEN 7/99 Bottom ash 

The results of sample CEN 7/99 obtained with the different digestion methods were compared with the 
mean values of this sample obtained during the validation trial of EN 13656 in 1999. Data obtained 
from both VITO and Suez Environnement, are included. For each element and digestion method the 
recovery was calculated towards the mean value included in EN 13656. The obtained results are 
presented in Table 5 and Figure 148. The figure also includes the reproducibility coefficient of variation 
(2 x CVR, 95% confidence interval) of the validation trial. 

The results obtained with the ‘HF power’ method are results obtained according to EN 13656. The 
other methods ‘HBF4 power’ and HBF4 temp’ are modified methods. In general the obtained results fit 
within the measurement uncertainty of the validation trial. For the element Ti differences are observed 
between the reference method and the two alternative methods, similar as the previous sample. For 
Ba low recoveries are obtained, but also in the validation trial a high measurement deviation was 
obtained. Potassium doesn’t fit within the (low) measurement uncertainty – note that in the CEN 
validation trial 14 of the 23 results were considered as outliers - , but it is probably due to the 
measurement rather than to the digestion method. There is no indication to declare that different 
results are obtained with the reference method and the 2 alternative methods. 

 

Figure 148 Results of CEN 7/99 Bottom ash from 2 laboratories using different digestion 
methods 

 

 



4 - Digestion of waste samples 
 

2019/SCT/R/1878                                                                                                                                                                  71 
 

Table 5 Results of CEN 7/99 Bottom ash from 2 laboratories for the different digestion methods 

 
EN 13656 

Mean* 
mg/kg dm 

EN 13656 
Reprod. 

% 

Lab 1 
Sample 

HF power 
Rec. 

% 
Lab 2 

Sample 
HF power 

Rec. 
% 

Lab 1 
Sample 

HBF4 power 
Rec 
% 

Lab 2 
Sample 

HBF4 power 
Rec 
% 

Lab 1 
Sample 

HBF4 temp 
Rec. 

% 

Al 71894 37 82588 115% 80897 113% 82993 115% 84376 117% 80759 112% 
Sb 318 12 308 97% - - 286 90% - - 304 95% 
As 82 14 89 108% 91 111% 88 107% 83 101% 95 115% 
Ba 2580 55 1033 40% - - 319 12% - - 563 22% 
Cd 531 6,5 565 106% 401 76% 538 101% 396 75% 513 97% 
Ca 66125 47 80344 122% 71280 108% 82776 125% 79200 120% 80227 121% 
Cr 305 14 294 97% 282 92% 251 82% 296 97% 326 107% 
Co 36 30 33 91% - - 29 79% - - 25 70% 
Fe 20258 8,9 22052 109% 20533 101% 21310 105% 20495 101% 21307 105% 
K 40426 1,6 38505 95% - - 40275 100% - - 33558 83% 

Cu 1294 8,8 1315 102% 1070 83% 1248 96% 1162 90% 1411 109% 
Pb 11526 9,3 11746 102% 12037 104% 11598 101% 10620 92% 10883 94% 
Mg 17561 15 18309 104% 18409 105% 17854 102% 17287 98% 17079 97% 
Mn 1301 7,1 1424 109% - - 1298 100% - - 1427 110% 
Mo 52 45 48 91% - - 43 83% - - 48 92% 
Na 28931 21 32912 114% 30594 106% 32913 114% 32828 113% 32398 112% 
Ni 115 23 129 112% 109 95% 108 94% 106 92% 105 91% 
Se 41 13 34 84% - - 36 89% - - 32 78% 
Sn 2552 13 2659 104% 2857 112% 2447 96% 2016 79% 2344 92% 
Ti 9090 11 7963 88% - - 5209 57% - - 5006 55% 
V 42 24 49 116% 39 93% 45 108% 39 93% 50 119% 
Zn 27791 8,7 26852 97% 26267 95% 27524 99% 26653 96% 25782 93% 
Hg 31 8,2 33 105% 26 84% 30 98% 22 71% 33 106% 

*Result from the validation study of EN 13626:2002; considered as reference value 
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4.9 Overview of sample CEN 8/99 Ink waste 

The results of sample CEN 8/99 obtained with the different digestion methods were compared with the 
mean values of this sample obtained during the validation trial of EN 13656 in 1999. Data obtained 
from both VITO and Suez Environnement, are included. For each element and digestion method the 
recovery was calculated towards the mean value included in EN 13656. The obtained results are 
presented in Table 6 and Figure 149. The figure also includes the reproducibility coefficient of variation 
(2 x CVR, 95% confidence interval) of the validation trial. 

The results obtained with the ‘HF power’ method are results obtained according to EN 13656. The 
other methods ‘HBF4 power’ and HBF4 temp’ are modified methods. In general the obtained results fit 
within the measurement uncertainty of the validation trial. Only for Ti deviated results are observed, 
applicable for all 3 digestion methods. There is no indication to declare that different results are 
obtained with the reference method and the 2 alternative methods. 

 

Figure 149 Results of CEN 8/99 Ink waste from 2 laboratories using different digestion methods 
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Table 6 Results of CEN 8/99 Ink waste from 2 laboratories for the different digestion methods 

 
EN 13656 

Mean* 
mg/kg dm 

EN 13656 
Reprod. 

% 

Lab 1 
Sample 

HF power 
Rec. 

% 
Lab 2 

Sample 
HF power 

Rec. 
% 

Lab 1 
Sample 

HBF4 power 
Rec 
% 

Lab 2 
Sample 

HBF4 power 
Rec 
% 

Lab 1 
Sample 

HBF4 temp 
Rec. 

% 

Al 2056 31 2163 105% 2455 119% 2252 110% 2672 130% 2292 111% 
Sb 70 100 12 18% - - 9,4 14% - - 10 14% 
As 7,5 25 6,1 82% - - 4,5 61% - - 6,2 82% 
Ba 101 8,2 102 100% 94 93% 90 89% 83 82% 112 110% 
Ca 111589 5,4 109970 99% 123860 111% 110620 99% 133760 120% 106960 96% 
Cr 3638 7,6 3577 98% 3595 99% 3527 97% 3442 95% 3512 97% 
Co 15 19 15 104% - - 16 110% - - 14 94% 
Fe 76239 4,7 79179 104% 75304 99% 75286 99% 75020 98% 75544 99% 
K 972 33 865 89% 958 99% 1001 103% 881 91% 1003 103% 

Cu 12487 8,5 12640 101% 13475 108% 12548 100% 13994 112% 12540 100% 
Pb 5945 7,2 6038 102% 5775 97% 5856 98% 5363 90% 5789 97% 
Mg 977 7,8 982 101% 1001 102% 948 97% 955 98% 975 100% 
Mn 543 5,8 563 104% - - 572 105% - - 599 110% 
Mo 5,6 85 4,5 81% - - 4,9 87% - - 5,2 94% 
Na 7013 38 4676 67% 5658 81% 4837 69% 5531 79% 4918 70% 
Ni 24 23 23 97% - - 26 111% - - 25 106% 
Ti 244 13 215 88% - - 177 73% - - 239 98% 
V 15 12 10 66% - - 12 84% - - 12 80% 
Zn 1210 9,3 1259 104% 1141 94% 1244 103% 1215 100% 1312 108% 
Hg 1,9 17 1,6 85% - - 1,6 83% - - 1,8 91% 

*Result from the validation study of EN 13626:2002; considered as reference value 
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4.10 Overview of sample CEN 9/99 Sewage sludge – electronic 

The results of sample CEN 9/99 obtained with the different digestion methods were compared with the 
mean values of this sample obtained during the validation trial of EN 13656 in 1999. Data obtained 
from both VITO and Suez Environnement, are included. For each element and digestion method the 
recovery was calculated towards the mean value included in EN 13656. The obtained results are 
presented in Table 7 and Figure 150. The figure also includes the reproducibility coefficient of variation 
(2 x CVR, 95% confidence interval) of the validation trial. 

The results obtained with the ‘HF power’ method are results obtained according to EN 13656. The 
other methods ‘HBF4 power’ and HBF4 temp’ are modified methods. The obtained results fit within the 
measurement uncertainty of the validation trial. There is no indication to declare that different results 
are obtained with the reference method and the 2 alternative methods. 

 

Figure 150 Results of CEN 9/99 sewage sludge from 2 laboratories using different digestion 
methods 
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Table 7 Results of CEN 9/99 Sewage Sludge from 2 laboratories for the different digestion methods 

 
EN 13656 

Mean* 
mg/kg dm 

EN 13656 
Reprod. 

% 

Lab 1 
Sample 

HF power 
Rec. 

% 
Lab 2 

Sample 
HF power 

Rec. 
% 

Lab 1 
Sample 

HBF4 power 
Rec 
% 

Lab 2 
Sample 

HBF4 power 
Rec 
% 

Lab 1 
Sample 

HBF4 temp 
Rec. 

% 

Al 73799 34 91099 123% 64568 87% 86638 117% 82073 111% 83729 113% 
As 4,7 78 5,2 111% - - 6,5 139% - - 6,0 130% 
Ba 71 33 74 105% 74 104% 76 108% 79 111% 80 114% 
Ca 53986 12 59368 110% 42758 79% 55306 102% 63858 118% 55270 102% 
Cr 86 14 78 90% 79 92% 73 85% 74 86% 81 94% 
Co 3,7 18 2,9 80% - - 4,5 123% - - 4,3 118% 
Fe 5065 16 5538 109% 4838 96% 5430 107% 4906 97% 5663 112% 
K 3138 14 3116 99% 2955 94% 3329 106% 2949 94% 3351 107% 

Cu 94981 7,4 99213 104% 89559 94% 95184 100% 100796 106% 98234 103% 
Pb 9455 6,7 9943 105% 8024 85% 9405 99% 8321 91% 9609 102% 
Mg 2144 37 2213 103% 1570 73% 2247 105% 2125 99% 2083 97% 
Mn 622 7,4 631 101% - - 602 97% - - 640 103% 
Mo 4,5 20 4,4 98% - - 4,3 97% - - 4,8 107% 
Na 13232 7,5 12731 96% 13463 102% 13567 103% 13100 99% 12833 97% 
Ni 1751 7,5 1709 98% 1757 100% 1599 91% 1558 89% 1687 96% 
Sn 18756 8,7 19626 105% 17409 93% 17566 94% 18345 98% 19098 102% 
Ti 118 22 98 83% - - 74 63% - - 89 75% 
V 4,9 41 4,6 93% - - 5,2 105% - - 5,1 104% 
Zn 231 35 244 106% - - 220 95% - - 241 104% 
Hg 0,18 20 0,13 73% - - 0,14 77% - - 0,14 77% 

*Result from the validation study of EN 13626:2002; considered as reference value 
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4.11 Overview of sample CEN 10/99 Sewage sludge – BCR 146R 

The results of sample CEN 10/99 obtained with the different digestion methods were compared with 
the mean values of this sample obtained during the validation trial of EN 13656 in 1999. Data obtained 
from both VITO and Suez Environnement, are included. For each element and digestion method the 
recovery was calculated towards the mean value included in EN 13656. The obtained results are 
presented in Table 8 and Figure 151. The figure also includes the reproducibility coefficient of variation 
(2 x CVR, 95% confidence interval) of the validation trial. 

The results obtained with the ‘HF power’ method are results obtained according to EN 13656. The 
other methods ‘HBF4 power’ and HBF4 temp’ are modified methods. In general the obtained results fit 
within the measurement uncertainty of the validation trial. For the element Ti differences are observed, 
applicable for all 3 digestion methods. Nevertheless, in general there is no indication to declare that 
different results are obtained with the reference method and the 2 alternative methods. 

 

Figure 151 Results of CEN 10/99 Sewage sludge from 2 laboratories using different digestion 
methods 
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Table 8 Results of CEN 10/99 Sewage sludge from 2 laboratories for the different digestion methods 

 
EN 13656 

Mean* 
mg/kg dm 

EN 13656 
Reprod. 

% 

Lab 1 
Sample 

HF power 
Rec. 

% 
Lab 2 

Sample 
HF power 

Rec. 
% 

Lab 1 
Sample 

HBF4 power 
Rec 
% 

Lab 2 
Sample 

HBF4 power 
Rec 
% 

Lab 1 
Sample 

HBF4 temp 
Rec. 

% 

Al 28658 23 23618 82% - - 29570 103% - - 30020 105% 
Sb 13 21 14 115% - - 12 98% - - 13 103% 
As 6,9 43 7,5 109% - - 8,6 125% - - 9,4 136% 
Ba 660 16 495 75% 614 93% 610 92% 590 89% 687 104% 
Cd 16 (18.8) 14 18 115% 14 88% 18 112% 13 81% 19 116% 
Ca 134370 7,4 92356 69% 118833 88% 131819 98% 153120 114% 137852 103% 
Cr 178 (196) 7,4 170 96% 159 89% 181 101% 162 91% 199 112% 
Co 7,9 (7.39) 27 7,7 97% - - 7,0 89% - - 9,0 114% 
Fe 14215 12 11153 78% 13193 93% 15539 109% 13172 93% 15837 111% 
K 5466 16 4646 85% 4836 88% 4960 91% 4807 88% 5086 93% 

Cu 810 (838) 8,7 813 100% 815 101% 833 103% 857 106% 793 98% 
Pb 556 (609) 10 583 105% 585 105% 569 102% 571 103% 609 110% 
Mg 9385 17 8254 88% 8111 86% 9378 100% 9120 97% 9429 100% 
Mn 305 (323) 6,7 317 104% - - 318 104% - - 343 112% 
Mo 7,8 22 8,9 113% - - 9,5 121% - - 10 132% 
Na 2710 54 1598 59% 2541 94% 1818 67% 2295 85% 1892 70% 
Ni 65 (70) 19 68 104% 68 105% 67 103% 60 92% 72 111% 
Sn 76 79 92 121% 67 88% 77 102% 60 79% 85 113% 
Ti 2314 7,6 2203 95% - - 872 38% - - 1677 72% 
V 38 24 37 98% 36 95% 43 112% 35 92% 47 124% 
Zn 2848 (3060) 7,3 2913 102% 2853 100% 2810 99% 2644 93% 2861 100% 
Hg 7,2 (8.6) 22 7,7 107% - - 6,9 96% - - 8,0 110% 

*Result from the validation study of EN 13626:2002; considered as reference value 

( ) certified values of BCR 146R 
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4.12 Overview of sample BCR 176/BCR 176R  

The results of the certified sample BCR 176/176R obtained with the different digestion methods were 
compared with the certified values and for each element and digestion method the recovery was 
calculated. The certified material BCR 176R was the successor of the sample CEN 11/99 (BCR176) 
used in the validation trial of EN 13656 in 1999. The matrix is the same but the concentration of the 
different elements might change between both samples. Therefore the current data cannot directly be 
compared with the mean values of EN 13656 data. Lab 1 analysed BCR 176R (Table 9), while lab 2 
analysed BCR 176 (Table 10). The compiled results are presented in Figure 152, including the 
reproducibility coefficient of variation (2 x CVR, 95% confidence interval) of the validation trial to have 
an idea of the expected measurement deviation. In Table 9 and Table 10 also the mean element 
recovery is shown as obtained on the sample BCR176 during the validation trial of the EN 13656 
standard. 

The results obtained with the ‘HF power’ method are results obtained according to EN 13656. The 
other methods ‘HBF4 power’ and HBF4 temp’ are modified methods. In general the obtained results fit 
within the measurement uncertainty of the validation trial. If deviated results are observed, it is in most 
cases applicable for all 3 digestion methods. For the elements Ba, Cr (and Se) there is a significant 
underestimation with respect to the reference value, but it should be noted that the indicative value of 
Ba is obtained by k0-NAA (Neutron activation analysis using k0-method) and the certified value of Cr is 
mostly based on neutron activation analyses. Also for the sample BCR 176 of the validation trial in 
1999 the recovery of Cr was limited to 37%, which is in line with the current results. 

Table 9 Results of BCR 176 from lab 2 for different digestion methods 

 
Certified 

value 
mg/kg dm 

Sample 
HF power 
mg/kg dm 

Rec. 
% 

Sample 
HBF4 power 
mg/kg dm 

Rec 
% 

Element 
Rec. (%) in 
EN 13656 

As 93,3 97 104% 85 91% 89% 
Ba 4500 3752 83% 5000 111% 61% 
Cd 470 360 77% 383 81% 96% 
Cr 863 300 35% 274 32% 37% 
Fe 21300 20389 96% 21398 100% 98% 
Cu 1302 1259 97% 1280 106% 100% 
Pb 10870 10278 95% 10456 96% 98% 
Na 42920 25667 60% 31332 73% 63% 
Ni 123,5 120 97% 120 120% 100% 
V 41 43 105% 39 95% 115% 
Zn 25770 23283 90% 25467 99% 102% 
Hg 31,4 26 83% 21 67% 98% 

 

Table 10 Results of BCR 176R from lab 1 for the different digestion methods 

 
Certified 

value 
mg/kg dm 

Sample 
HF power 
mg/kg dm 

Rec. 
% 

Sample 
HBF4 power 
mg/kg dm 

Rec 
% 

Sample 
HBF4 temp 
mg/kg dm 

Rec. 
% 

Element 
Rec. (%) in 
EN 13656 

Sb 850 776 91% 816 96% 853 100% 80% 
As 54 56 104% 54 101% 60 111% 89% 
Ba 4650 287 6% 208 4% 306 7% 61% 
Cd 226 218 96% 205 91% 220 97% 96% 
Cr 810 284 35% 329 41% 346 43% 37% 
Co 27 28 105% 28 103% 29 109% 232% 
Fe 13100 11448 87% 13059 100% 13394 102% 98% 
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Certified 

value 
mg/kg dm 

Sample 
HF power 
mg/kg dm 

Rec. 
% 

Sample 
HBF4 power 
mg/kg dm 

Rec 
% 

Sample 
HBF4 temp 
mg/kg dm 

Rec. 
% 

Element 
Rec. (%) in 
EN 13656 

Cu 1050 1068 102% 1056 101% 1106 105% 100% 
Pb 5000 4033 81% 4181 84% 3938 79% 98% 
Mn 730 762 104% 740 101% 790 108% 91% 
Na 34800 32962 95% 33985 98% 34464 99% 63% 
Ni 117 116 99% 109 93% 116 99% 100% 
Se 18 10 52% 12 65% 12 67% 92% 
V 35 36 102% 36 103% 39 111% 115% 
Zn 16800 16572 99% 17326 103% 16192 96% 102% 
Hg 1,6 1,3 84% 1,4 89% 1,5 92% 98% 

  *light grey: indicative values 

 

Figure 152 Recoveries of BCR 176/BCR 176R from the 2 laboratories for the different digestion 
methods 

 

4.13 Overview of all elements 

Per element the ratio was calculated between the alternative method (HBF4 power or HBF4 temp) and 
the reference method (HF power). The distribution for the different elements is presented by a Box and 
Whisker plot, as shown in Figure 153 till Figure 158. Note that the evaluation is based on the 
comparison of single measurement results, performed by VITO.  

Legend 

R1 Ratio HBF4 acid digestion, power controlled versus HF digestion, power controlled 

R2  Ratio HBF4 acid digestion, temperature controlled versus HF digestion, power controlled 

For the elements As, Cd, Cr, Cu, Pb, Ni, Zn and Hg in waste samples the median values fluctuate 
around 1, indicating that comparable results are obtained with the reference method and the 
alternative methods. In most cases, the ratio with ‘HBF4 power’ (R1) is situated slightly below 1 (i.e. 
higher values with reference method) while the ratio with ‘HBF4 temp’ (R2) is situated above 1 (i.e. 



4 - Digestion of waste samples 
 

80                                                                                                                                                                      2019/SCT/R/1878 
                         

higher values with alternative method). Globally, most of the data are situated between a ratio of 0.8 
and 1.2. 

Box Plot of  multiple v ariables
Af v al-statistica-1 48v *15c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 153 Overview ratio alternative methods vs the reference method for the elements As, 
Cd,Cr and Cu in waste samples 

 

Box Plot of  multiple v ariables
Af v al-statistica-1 48v *15c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 154 Overview ratio alternative methods vs the reference method for the elements Pb, Ni, 
Zn and Hg in waste samples 

 

For the other trace elements Sb, Ba, Co , Mo and V in waste samples the median values also fluctuate 
around 1, indicating a good correspondence. Most of the data results in a ratio between 0.8 and 1.2. 
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Box Plot of  multiple v ariables
Af v al-statistica-1 48v *15c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 155 Overview ratio alternative methods vs the reference method for the elements Sb, 
Ba, Co and Mn in waste samples 

 

Box Plot of  multiple v ariables
Af v al-statistica-1 48v *15c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 156 Overview ratio alternative methods vs the reference method for the elements Mo, 
Se, Sn and V in waste samples 

 

For the major elements Na, Mg, Al, K, Ca, Ti, Mn and Fe in waste samples also a median ratio of 1 is 
obtained, except for the element Ti. Especially the results obtained with the ‘HBF4 power’ method are 
significantly lower than with the reference method ‘HF power’. Globally, with exception for Ti, most of 
the data are situated between a ratio of 0.8 and 1.2.  

The results of the waste samples corresponds with the results obtained on the soil samples. 
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Box Plot of  multiple v ariables
Af v al-statistica-1 48v *15c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 157 Overview ratio alternative methods vs the reference method for the elements Na, 
Mg, Al, K in waste samples 

 

Box Plot of  multiple v ariables
Af v al-statistica-1 48v *15c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 158 Overview ratio alternative methods vs the reference method for the elements Ca, Ti 
and Fe  in waste samples 
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5 Overall evaluation of the digestion methods 

5.1 Evaluation of the measurement variation 

The overall measurement variation which can be expected when different digestion procedures are 
applied, are summarized in Figure 159 for soil samples and in Figure 160 for waste samples. Only the 
VITO data were considered in this evaluation. 

For the soil samples the ratio calculations (R1 and R2, see legend) for the elements As, Cd, Cr, Cu, 
Pb, Ni, Zn and Hg were pooled. It should be noted that low concentration values for As (< 15 mg/kg 
dm) and for Pb (< 10 mg/kg dm) were excluded. Figure 159 includes the pooled results for R1 (HBF4 
power/HF power), R2 (HBF4 temp/HF power) and R1+R2 combined (HBF4 (power+temp)/HF power). 
The latter gives an overview of the overall measurement variation which was obtained when applying 
all 3 digestion methods. The mean value of the ratios is always closely related to 1, indicating a good 
correspondence between the trueness of the alternative methods and the reference method. The non-
outlier range is situated between a ratio of 0.8 and 1.2, which can also be expected from 
replicate/duplo measurements determined with the reference method only. One extreme value is 
observed, attributed to the determination of Ni in 1 soil sample. There is no indication of a systematic 
error.  

Legend 

R1 Ratio HBF4 acid digestion, power controlled versus HF digestion, power controlled 

R2  Ratio HBF4 acid digestion, temperature controlled versus HF digestion, power controlled 

R1+R2 Ratio HBF4 acid digestion, temperature + power controlled versus HF digestion, power 
controlled 

Box Plot of multiple variables
Spreadsheet1 10v*324c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 159 Overview ratio alternative methods vs the reference method in soil samples 
(elements included are As, Cd, Cr, Cu, Pb, Ni, Zn, Hg) 

 

For the waste samples the ratio calculations (R1 and R2, see legend) for the elements As, Cd, Cr, Cu, 
Pb, Ni, Zn, Hg, Sb, Ba, Co, Mo, Se, Sn, V and Mn were pooled. It should be noted that low 
concentration values (in the range of less than 10 mg/kg dm) were excluded. Figure 160 includes the 
pooled results for R1 (HBF4 power/HF power), R2 (HBF4 temp/HF power) and R1+R2 combined (HBF4 
(power+temp)/HF power). The latter gives an overview of the overall measurement variation which 
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was obtained when applying all 3 digestion methods. The mean value of the ratios is always closely 
related to 1, indicating a good correspondence between the alternative methods and the reference 
method. The non-outlier range is situated between a ratio of 0.8 and 1.2, which can also be expected 
from replicate/duplo measurements determined with the reference method only. The extreme values 
observed (2) are all attributed to the determination of Ba. Also 50% of the outliers are related to Ba, 
the other outliers can be assigned to the elements Cr, Co and V.  

For all elements, except Ba, there is no indication of a systematic error. For the determination of Ba, 
on the other hand, the digestion procedure can be critical and can have an influence on the obtained 
results (operational defined).  In waste samples it is observed that the total release of Ba from the 
matrix is not always evident (e.g. ashes). This was also observed in the validation trial of EN 13656 in 
1999. The obtained result is strongly dependent on the type of sample. 

Note: In the VITO laboratory it was already observed that for the digestion of fly ash it is 
necessary to reduce the sample intake to about 0.25 g in order to obtain a maximum yield. 
During this study the sample intake was remained constant at about 0.5 g. 

Box Plot of multiple variables
Spreadsheet1 10v*324c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 160 Overview ratio alternative method vs the reference methods in waste samples 
(elements included are As, Cd, Cr, Cu, Pb, Ni, Zn, Hg, Sb, Ba, Co, Mo, Se, Sn, V and Mn) 

5.2 Evaluation of data of recognized laboratories 

At the moment a few laboratories in Flanders (Belgium) already apply the HBF4 digestion using 
temperature controlled microwave digestion. Based on their validation data and good evaluations in 
round robin tests (organized by VITO) for the determination of elements in soil and waste samples, the 
validity of the alternative methods is confirmed.  

With respect to the round robin tests (organized by VITO), the obtained measurement variation for the 
analysis of elements in soil and waste samples was derived from the final evaluation reports. For soil 
samples, the results of the elements As, Cd, Cr, Cu, Pb, Ni, Zn and Hg of 2012, 2013 and 2014 were 
considered and resulted in an overall measurement variation (2*CVR, 95% C.I.) of 25%. For waste 
samples, the round robin test of 2012 and 2013 were taken into account, resulting in an overall 
measurement variation (2*CVR, 95% C.I.) of 23%. 

From 1 laboratory comparable data were received from the analysis of a round robin sample (N ≈ 70). 
These data were obtained on the round robin sample ISE 989 (a river clay containing 24.7 % of Si, 
28.4% of clay and 12.7 % > 63 µm) that was digested with both HF:HNO3:HCl and HBF4:HNO3:HCl. 
For evaluation, the obtained measurement values of the relevant elements were divided by their 
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consensus value (=reference value) from the round robin test. The obtained results are shown in 
Figure 161 and Figure 162.  

The mean value of the ratios is always closely related to 1, indicating a good correspondence between 
the measurement value and the reference value, and this for both digestion methods. The non-outlier 
range is situated between a ratio of 0.8 and 1.2, which can be expected from replicate measurements. 
Comparable results are obtained with both digestion methods. These data confirm the results 
previously described in the report. 

Box Plot of  multiple v ariables
Certif ied lab 20v *72c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 161 Ratio measurement value vs reference value in a soil sample (N ≈ 70) for As, Cd, Cr 
and Cu for both HF and HBF4 digestions 

 

Box Plot of  multiple v ariables
Certif ied lab 20v *72c

Median; Box: 25%-75%; Whisker: Non-Outlier Range
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Figure 162 Ratio measurement value vs reference value in a soil sample (N ≈ 70) for Pb, Ni, Zn 
and Hg for both HF and HBF4 digestions 
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6 Conclusions 

In this study some alternative digestion methods were evaluated to simplify the current procedure on 
one hand and to extend the applicability of the procedure to different types of microwave  instruments 
on the other for the determination of elements in soil and waste samples. In this framework the 
following aspects were considered: 

1. Evaluation of an  one-step digestion (HBF4 ) as replacement for the two-steps digestion with 
HF + H3BO3 (‘HF power’) 
The procedure involves a one-step digestion, while maintaining the same power of digestion 
of the silicate matrix, by using HBF4 (replacing HF with H3BO3). In addition, the use of HBF4 is 
for safety reasons preferred over HF.  

2. Evaluation of temperature controlled microwave systems as an addition to power controlled 
microwave systems 
The HBF4 digestion using power controlled microwave oven (‘HBF4 power’) was compared 
versus temperature controlled digestion (‘HBF4 temp’).  

 

Evaluation of 10 soil samples 

For the trace elements (As, Cd, Cr, Cu, Pb, Ni, Zn, Hg, Sb, Ba, Co, Mn, Mo, Se, Sn and V) the results 
obtained with the alternative methods (‘HBF4 power’ and ‘HBF4 temp’), corresponds with the results of 
the reference method (‘HF power’). Higher measurements deviations are sometimes observed on 
samples with lower concentration levels. But there is no indication of a systematic error when applying 
the alternative methods with respect to the reference method. In paragraph 5.1 on page 83 it is shown 
that the overall measurement variation is situated in a range of < 20% if different digestion procedures 
are applied, which can also be expected from replicate/duplo analyses determined with the reference 
method only. Tests and analyses carried out by a few recognized laboratories confirm the applicability 
of the evaluated alternative methods to replace the time-consuming reference method. 

For the major elements (Na, Mg, Al, K, Ca, Ti, Mn and Fe) a good correspondence is observed 
between the results of the alternative methods and the reference method, except for Ti. Especially the 
results obtained with the ‘HBF4 power’ method are significantly lower than with the reference method 
‘HF power’.  

Evaluation of 10 waste samples (of which 6 from the validation study of EN 13656) 

For the trace elements (As, Cd, Cr, Cu, Pb, Ni, Zn, Hg, Sb, Ba, Co, Mo, Se, Sn, V and Mn) 
comparable results are obtained with the alternative methods and the reference method. In paragraph 
5.1 on page 83 it is shown that the overall measurement variation is situated in a range of < 20% if 
different digestion procedures are applied, which can also be expected from replicate/duplo analyses 
determined with the reference method only. Moreover, for the determination of Ba it is observed that 
the digestion procedure can be critical and can have an influence on the obtained results (operational 
defined). Special attention needs to be given to the digestion procedure for the determination of this 
element. This effect is no surprise as it was also established during the validation trial of EN 13656 in 
1999. Tests and analyses carried out by a few recognized laboratories confirm the applicability of the 
evaluated alternative methods to replace the time-consuming reference method. 

For the major elements (Na, Mg, Al, K, Ca, Ti and Fe) the same conclusion can be formulated as for 
the soil samples. A good correspondence is observed between the results of the alternative methods 
and the reference method, except for Ti. Especially the results obtained with the ‘HBF4 power’ method 
are significantly lower than with the reference method ‘HF power’.  
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ANNEX A ANALYTICAL RESULTS OF THE SOIL SAMPLES USING DIFFERENT DIGESTION 
PROCEDURES, OBTAINED BY VITO, BELGIUM 

  

mg/kg ds 1 1b 2 3 4 4b 5 5b 6 - QC1 7 7b 8 9 10 11 12 - QC2
As HF power 71 63 28 29 34 3,4 35 29 28 71 13 133 13 104

HBF4 power 66 66 28 23 32 3,5 35 27 25 74 11 122 11 104
HBF4 temp 68 27 24 29 30,3 2,4 3,9 35 29 75 13 120 12 100

Cd HF power 13 13 2,6 21 27 <0.5 2,5 1,6 1,6 1,7 <0.5 3,4 9,5 39
HBF4 power 13 13 2,4 22 28 <0.5 2,5 1,7 1,6 1,9 <0.5 3,6 10,0 41
HBF4 temp 13 2,9 21 25 26,5 <0.5 <0.5 2,5 1,5 1,7 0,5 3,5 9,5 40

Cr HF power 115 109 177 59 63 856 121 199 196 673 40 58 153 42
HBF4 power 109 106 167 58 60 742 117 195 193 653 40 61 149 43
HBF4 temp 114 173 63 65 74 762 772 122 202 567 45 66 163 42

Cu HF power 1573 1933 1696 139 150 85 103 6685 6613 1490 41 710 526 119
HBF4 power 1751 2186 1430 155 153 84 100 6178 6384 1325 34 715 504 115
HBF4 temp 1416 1347 1603 145 143 157 84 98 101 6618 1461 40 716 505 116

Pb HF power 918 893 468 610 971 8,2 167 852 828 863 159 817 531 1102
HBF4 power 976 1051 444 584 940 6,5 167 869 875 909 170 904 555 1124
HBF4 temp 951 443 551 867 901 8,5 8,3 170 860 907 157 849 580 1134

Ni HF power 128 123 141 28 31 68 46 114 110 431 23 105 110 21
HBF4 power 133 128 133 28 31 53 45 118 120 404 24 118 118 22
HBF4 temp 125 141 27 31 33 61 86 45 113 306 24 108 110 20

Zn HF power 1854 1712 1553 1591 1924 101 487 4047 4030 1660 159 4973 2595 365
HBF4 power 1939 1940 1428 1558 2011 102 492 4118 4108 1704 169 5029 2653 381
HBF4 temp 1743 1523 1577 1928 1979 111 105 490 4163 1736 169 5238 2610 356

Hg HF power 0,58 0,59 0,99 2,5 2,6 <0.1 1,1 1,1 1,2 65 77 0,39 0,58 6,7
HBF4 power 0,59 0,57 0,95 2,5 2,6 <0.1 1,1 1,0 1,0 65 72 0,35 0,48 6,1
HBF4 temp 0,60 1,01 2,8 2,6 2,61 <0.1 <0.1 1,1 1,0 63 70 0,34 0,50 6,0

Sb HF power 14,7 15,5 13,1 9,1 5,4 10,4 <2 33,3 32,5 34,2 4,3 15,9 63,3 22,2
HBF4 power 11,0 18,0 12,9 6,6 7,4 4,9 4,3 31,2 31,8 32,0 <2 18,4 61,9 21,7
HBF4 temp 16,6 13,9 8,2 8,2 8,7 <2 3,0 5,4 31,1 33,3 3,3 17,2 54,3 21,5

Ba HF power 523 531 864 405 453 103 570 1339 1360 517 319 940 415 698
HBF4 power 575 587 931 434 500 104 550 1256 1238 516 316 941 394 681
HBF4 temp 519 877 401 463 456 99 102 541 1340 514 307 936 399 657

Co HF power 64,5 63,0 19,3 11,2 9,8 6,4 15,2 34,8 33,8 37,6 12,1 20,1 10,9 9,3
HBF4 power 64,6 63,7 18,1 11,2 9,9 4,7 14,9 35,3 35,7 44,3 13,1 21,7 11,6 9,1
HBF4 temp 62,9 18,9 11,5 10,2 11,1 4,9 4,8 14,7 35,2 41,3 13,0 21,5 13,8 10,4

Mo HF power 9,3 9,1 8,4 1,5 1,6 8,6 1,3 16,0 15,5 66,2 1,7 2,8 32,1 1,7
HBF4 power 8,6 8,7 6,3 1,1 <1 9,4 <1 16,0 14,8 83,3 1,5 2,7 33,7 1,8
HBF4 temp 8,6 6,4 1,1 1,1 1,2 8,3 7,4 <1 15,8 68,3 1,7 2,7 33,5 1,6

Sn HF power 88 78 49 27 21 3,2 11 439 444 36 6,4 154 77 <2
HBF4 power 160 181 43 30 23 <2 9,3 443 453 37 4,3 170 82 <2
HBF4 temp 145 41 26 23 23 <2 3 10 437 33 6,9 158 77 <2

V HF power 146 142 74 48 46 41 98 113 112 47 49 37 48 91
HBF4 power 147 147 76 49 48 37 96 115 116 48 52 39 50 94
HBF4 temp 146 74 49 46 52 40 38 94 119 47 53 41 51 91

Na HF power 3830 3856 4670 1965 2416 2129 5240 3274 3274 1345 2604 2238 3191 11093
HBF4 power 3759 3771 4695 1976 2437 2158 5143 3384 3369 1414 2751 2358 3207 11403
HBF4 temp 3729 4592 1920 2340 2398 2154 2114 4949 3261 1437 2627 2278 3091 10630

Mg HF power 3445 3581 2518 3071 3159 2125 10711 5166 5245 1511 2436 1342 5519 9487
HBF4 power 3758 3751 2545 3185 3246 2303 11005 5423 5662 1589 2627 1545 5619 10041
HBF4 temp 3144 2327 3035 2996 3182 2121 2062 10574 5615 1707 2397 1264 5986 8828

Al HF power 45361 45231 22695 20212 22780 43413 56148 40381 40560 14427 22058 19646 21218 63365
HBF4 power 43686 44388 21536 18451 21525 48178 54291 42296 43646 15873 24186 22787 19961 64150
HBF4 temp 36101 19111 19539 21215 22872 50543 49177 46866 43257 15890 20636 22461 19249 55086

K HF power 11843 11599 8235 7666 8769 1433 19041 11120 11173 5037 11510 7338 21415 23068
HBF4 power 11795 12001 8143 7708 9002 1488 18182 11291 11379 5405 11754 8036 21646 23299
HBF4 temp 10620 7358 6649 7759 8513 1439 1261 16980 11268 5142 11397 7414 21263 22023

Ca HF power 31761 35370 35648 28167 23312 2478 43121 36128 36447 17911 20916 6882 217327 27403
HBF4 power 30885 31168 35618 27808 23698 2737 40661 37114 37328 18347 20479 7053 209124 27876
HBF4 temp 26869 33111 27704 22488 23841 2625 2533 39587 37620 18168 19036 6418 211662 25820

Ti HF power 2358 2189 1412 1211 1390 2257 2534 3367 3356 1572 1251 1454 1471 2522
HBF4 power 1841 1749 1095 997 1089 2173 1477 2453 2484 1316 1023 1191 1099 2067
HBF4 temp 1944 1257 1241 1233 1483 2269 2263 2005 3307 1600 1178 1510 1252 2388

Mn HF power 437 447 682 307 284 1150 1257 1396 1380 2238 263 244 605 638
HBF4 power 497 465 685 314 293 1048 1209 1472 1461 2354 283 270 647 660
HBF4 temp 443 657 303 310 304 1045 1090 1231 1375 2185 266 252 614 638

Fe HF power 31287 30554 61756 14631 16714 18184 31217 123050 121243 338601 18371 20300 23848 27283
HBF4 power 30563 31470 60413 14727 16879 18255 29419 117356 121272 338101 18445 20485 23555 27721
HBF4 temp 30768 61386 14733 16443 17288 18409 17087 31254 128351 344186 18596 20691 24334 27800
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ANNEX B ANALYTICAL RESULTS OF THE WASTE SAMPLES USING DIFFERENT DIGESTION 
PROCEDURES, OBTAINED BY VITO, BELGIUM 

 

 

mg/kg ds 1 1b 2 3 4 5 6-QC1 7 8 8b 9 10 11 12-QC2
As HF power 33 31 70 42 687 41 36 89 6,1 6,3 5,2 7,5 56 105

HBF4 power 29 33 61 36 675 42 31 88 4,5 5,2 6,5 8,6 54 115
HBF4 temp 31 29 70 47 642 52 38 95 6,2 5,6 6,0 9,4 60 108

Cd HF power 45 39 25 24 8,6 424 2,4 565 <0.5 <0.5 <0.5 18 218 40
HBF4 power 47 36 22 22 9,4 422 2,5 538 <0.5 <0.5 <0.5 18 205 41
HBF4 temp 44 39 25 25 9,4 425 2,5 513 <0.5 <0.5 <0.5 19 220 42

Cr HF power 504 511 278 1024 50 469 125 294 3577 3588 78 170 284 42
HBF4 power 533 498 247 708 50 472 121 251 3527 3536 73 181 279 40
HBF4 temp 635 510 289 883 53 558 133 326 3512 3570 81 199 329 42

Cu HF power 9163 7588 2019 769 21 1874 104 1315 12640 12491 99213 813 1068 119
HBF4 power 8804 10102 2105 768 22 1989 103 1248 12548 12597 95184 833 1056 112
HBF4 temp 5861 8057 2262 926 18 1944 101 1411 12540 12892 98234 793 1106 115

Pb HF power 5570 6508 1076 71 200 10259 175 11746 6038 5922 9943 583 4033 1102
HBF4 power 6055 6939 1049 71 202 10084 176 11598 5856 5912 9405 569 4181 1131
HBF4 temp 5576 5694 1072 76 202 10363 180 10883 5789 5880 9609 609 3938 1193

Ni HF power 443 377 126 592 10 70 47 111 23 22 1709 68 116 21
HBF4 power 506 424 116 542 12 57 43 108 26 25 1599 67 109 22
HBF4 temp 458 443 127 530 11 69 47 105 25 25 1687 72 116 24

Zn HF power 16690 16537 3245 908 227 27529 505 26852 1259 1269 244 2913 16572 365
HBF4 power 17100 17251 3170 723 199 27254 570 27524 1244 1282 220 2810 17326 344
HBF4 temp 18290 18212 3244 809 204 29303 527 25782 1312 1311 241 2861 16192 381

Hg HF power 6,2 3,8 3,2 2,2 12 5,7 1,2 33 1,6 1,7 0,13 7,7 1,3 6,7
HBF4 power 3,4 3,7 3,3 2,2 13 5,8 1,1 30 1,6 1,7 0,14 6,9 1,4 5,8
HBF4 temp 3,9 3,5 3,4 2,7 12 6,1 1,3 33 1,8 1,7 0,14 8,0 1,5 6,2

Sb HF power 240 241 172 12 17 1151 <2 308 12 13 <2 14 776 22
HBF4 power 229 269 178 15 11 1126 5,0 286 9,4 9,7 <2 12 816 19
HBF4 temp 250 245 178 18 11 1061 3,9 304 9,9 11 <2 13 853 25

Ba HF power 3415 3735 618 2894 393 1020 530 1033 102 103 74 495 287 698
HBF4 power 3256 4462 681 2881 405 804 578 319 90 98 76 610 208 661
HBF4 temp 4095 3815 908 3084 404 1308 533 563 112 110 80 687 306 650

Co HF power 65 64 167 61 1,2 25 17 33 15 15 2,9 7,7 28 9,3
HBF4 power 62 69 150 54 <1 23 17 29 16 16 4,5 7,0 28 10
HBF4 temp 73 69 165 64 <1 26 16 25 14 14 4,3 9,0 29 10

Mn HF power 1806 1838 724 411 80 519 1254 1424 563 568 631 317 762 638
HBF4 power 2038 1487 642 347 69 534 1276 1298 572 590 602 318 740 653
HBF4 temp 2042 1853 713 411 75 545 1306 1427 599 599 640 343 790 688

Mo HF power 84 77 17 287 6,3 25 <1 48 4,5 4,5 4,4 8,9 35 1,7
HBF4 power 67 63 16 248 6,3 24 1,3 43 4,9 4,3 4,3 9,5 33 1,6
HBF4 temp 86 62 16 296 5,5 27 <1 48 5,2 5,2 4,8 10 37 1,8

Se HF power <5 8 <5 106 <5 31 <5 34 <5 <5 <5 <5 10
HBF4 power <5 <5 <5 95 <5 34 <5 36 <5 <5 <5 <5 12
HBF4 temp <5 <5 <5 99 <5 34 <5 32 <5 <5 <5 <5 12

Tl HF power <5 <5 69 12 <5 <5 <5 <5 <5 <5 <5 <5 <5
HBF4 power <5 <5 65 8 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
HBF4 temp <5 <5 72 59 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Sn HF power 333 599 253 46 <2 1338 9 2569 <2 <2 19626 92 1005
HBF4 power 395 285 225 47 <2 1378 12 2447 <2 <2 17566 77 978 <3
HBF4 temp 336 470 249 49 <2 1499 9 2344 <2 <2 19098 85 1064 <2

V HF power 45 45 63 14 48 23 100 49 10 10 5 39 36 91
HBF4 power 46 42 57 13 52 22 97 45 12 12 5 43 36 81
HBF4 temp 47 48 62 14 43 25 96 50 12 12 5 47 39 88

Na HF power 16692 14956 8484 44082 383 52575 5003 32912 4676 4645 12731 1598 32962 11093
HBF4 power 16230 16582 10393 43938 391 61488 5240 32913 4837 4859 13567 1818 33985 11414
HBF4 temp 12794 14367 9272 50222 412 63956 5547 32398 4918 4891 12833 1892 34464 11059

Mg HF power 8808 8309 11099 5889 2612 9424 10956 18309 982 979 2213 8254 14468 9487
HBF4 power 9911 9109 11204 5870 2603 11197 10751 17854 948 946 2247 9378 15069 9830
HBF4 temp 9242 10773 10978 5830 2626 11784 10043 17079 975 969 2083 9429 14689 9395

Al HF power 25605 25483 33464 73485 9892 40258 58245 82588 2163 2150 91099 23618 52955 63365
HBF4 power 25731 25530 33367 66418 9532 47124 55847 82993 2252 2283 86638 29570 53612 61460
HBF4 temp 27087 25965 31168 61841 9177 46563 50457 80759 2292 2282 83729 30020 55227 61783

K HF power 4277 4379 4605 4407 9546 50225 18985 38505 865 1029 3116 4646 33509 23068
HBF4 power 4281 4839 4964 4519 9884 54941 17988 40275 1001 1028 3329 4960 35200 19506
HBF4 temp 4894 4824 4956 4737 9851 65463 17109 33558 1003 922 3351 5086 32806 18720

Ca HF power 66325 67364 192900 53831 5686 127951 43119 80344 109974 112738 59368 92356 156348 27403
HBF4 power 65066 64694 197116 50115 5751 141678 41589 82776 110620 110221 55306 131819 177344 27673
HBF4 temp 71646 67212 199863 54018 5738 143719 41539 80227 106958 106100 55270 137852 179043 27179

Ti HF power 5402 5118 7652 4841 486 7320 2601 7963 215 217 98 2203 9279 2522
HBF4 power 1886 2155 5224 4014 332 6760 1363 5209 177 190 74 872 7875 2092
HBF4 temp 4543 3736 6836 4436 437 7992 2700 5006 239 251 89 1677 8766 2424

Fe HF power 125696 120059 21414 18092 143802 10278 32248 22052 79179 78833 5538 11795 11448 27283
HBF4 power 119987 117674 24790 17148 146223 10297 31221 21310 75286 76673 5430 15539 13059 27586
HBF4 temp 121806 127251 21372 17236 146947 10990 31671 21307 75544 77457 5663 15837 13394 28693
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