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FROM ONKALO, OLKILUOTO, 2011 

 
ABSTRACT 
 
The humic substances (HS) at groundwater from ONKALO, Olkiluoto were studied in 
order to determine the apparent molecular size distribution and the amount of humic 
substances. Humic substances were isolated from the water sample using DAX-8 resin 
and eluted with 0.1 M NaOH. The molecular size distribution was defined using high 
performance size exclusion chromatography (HPSEC) and ultraviolet (UV) and 
refractive index (RI) detector. In the SEC calibration (polystyrene sulfonate) sodium 
salts (PSS) were employed. Different eluents (NaNO3, Na-acetate and asetonitrile) with 
phosphate buffer and distinct ionic strengths were studied in order to optimize the 
determination method. The amount of humic substances was determined using total 
organic carbon (TOC) measurements. The results were compared with the previous ones 
in order to find out the variation of different methods (HPSEC) and to follow up the HS 
quantity (TOC). The method developed during the study is considered to be suitable for 
the HS molecular size distribution follow up, although the method development is 
suggested to be continued. 
 
Keywords: DAX-8, fulvic acids, groundwater, humic acids, HPSEC



ONKALON POHJAVEDESTÄ ERISTETTYJEN HUMUSAINEIDEN 
MOLEKYYLIKOKOJAKAUMAN JA MÄÄRÄN VERTAILUTUTKIMUS 2011 

 
TIIVISTELMÄ 
 
Olkiluodon ONKALOn pohjaveden humusaineiden molekyylikokojakaumaa ja määrää 
tutkittiin. Humusaineet eristettiin käyttäen DAX-8 hartsia ja eluoitiin 0,1 M NaOH:lla. 
Molekyylikokojakauman määrittämiseen käytettiin korkean erotuskyvyn kokoeks-
kluusiokromatografista (HPSEC) menetelmää ja ultravioletti (UV) ja taitekerroin (RI) 
detektoreja. HPSEC:n kalibrointiin käytettiin polystyreenisulfonaatin natrium-suoloja 
(PSS). Analyysimenetelmän optimoimiseksi testattiin erilaisia fosfaattipuskuria sisältä-
viä eluentteja (NaNO3, natrium asetaatti-liuos ja asetonitriili) vaihdellen eluentin ioni-
vahvuutta. Humusten määrä laskettiin kokonaisorgaanisen hiilen (TOC) määritys-
menetelmää käyttäen. Tuloksia vertailtiin aiempiin ja kehitetyn menetelmän todettiin 
olevan käyttökelpoinen humusten molekyylikokojakauman seurantaan vaikkakin mene-
telmän kehitystä suositellaan jatkettavan. 
 
Avainsanat: DAX-8, fulvohapot, HPSEC, humushapot, pohjavesi. 

 
 



LIST OF SYMBOLS AND ABBREVIATIONS 
 
 Polydispersivity 

ACN Acetonitrile 
DOC Dissolved organic carbon 
FA Fulvic acids 
HA  Humic acids 
HPSEC High performance size exclusion chromatography 
HS Humic substances 
IHSS International Humic Substances Society 
LOQ Limit of quantification 
Mn Number-average molecular weight 
Mw Weight-average molecular weight 
MW Molecular weight 
NOM Natural organic matter 
PEG Polyethylene glycol 
PEO Polyethylene oxide 
PSS Poly(styrene sulfonate) sodium salt 
QC Quality control 
RI Refractive index 
RT Retention time 
SEC Size exclusion chromatography 
TOC Total organic carbon 
UV Ultraviolet 
UV254 Ultraviolet detection at 254 nm 
UV280 Ultraviolet detection at 280 nm 
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1 INTRODUCTION  

Aquatic humic substances (HS) are major components of the natural organic matter 
(NOM) in soil and water. They generally comprise one third to over half of the 
dissolved organic carbon (DOC) in natural surface waters. HS are complex organic 
compounds, which are mainly derived from soil humus and terrestrial and aquatic 
plants. The colour of the dissolved and precipitated HS varies from light to dark brown. 
The precise composition and properties of the HS varies depending on the source. HS 
are highly chemically reactive but recalcitrant to biodegradation. 

Because of the low concentration of aquatic HS, the material must first be isolated and 
concentrated for further studies. The fraction of aquatic HS that is not soluble in water 
at a pH lower than 2, are defined as humic acids (HA). The fraction of HS that is 
soluble under all pH conditions are referred to as fulvic acids (FA) (Malcolm 1990). 
The method used in concentrating and isolating the dissolved organic matter should be 
effective in isolation of the aquatic humic matter at the same time keeping the chemical 
and structural composition unaffected as it occurs in its original state in an aquatic 
environment (Aiken et al. 1985). The most frequently used isolation procedure for HS is 
the column chromatographic method by non-ionic sorbents such as XAD resins 
(polymethyl methacrylate) or analogous materials (Leenheer 1981; Thurman et al. 1981; 
Peuravuori et al. 1997).  

Molecular weight (MW) is one of the fundamental properties that needs to be known in 
order to understand the physical and chemical characteristics and chemical reactivity of 
HS. The MW of HS has an effect especially on their adsorption and metal complexing 
behaviour. Determination of the MWs is a difficult task because HS are a complex 
mixture of natural, heterogeneous organic materials with different structures and a broad 
molecular size distribution. Size exclusion chromatography (SEC) has been frequently 
used especially for characterization of aquatic and soil HS (Janoš and Zat epálková 
2007).  

This study continues previous work among HS characterization ultimately aiming to the 
safe spent nuclear fuel repository. Detailed information of the geo-chemical behaviour 
of radioactive and thus possibly hazardous metal ions under environmental conditions is 
necessary for the long-term storage of radioactive waste. In the immobilization or 
mobilization of the metal ions due to the complexation and colloid formation, HS might 
play an important role. Therefore, the goal of the current study was to determine the 
amount of HS and the molecular size distribution in the groundwater of a shallow depth 
in the bedrock at Olkiluoto and to compare the results with the previous ones to find out 
the changes in the organic content. The aim was also to optimize the SEC method for 
HS characterization, since the results vary widely depending on the used column, 
calibration standards, eluents etc., which is a common problem in HS determinations. 
Departing from the previous studies the effect of ionic strength, playing a major role in 
HS determination, was studied (Asakawa et al. 2008; Janoš and Zat epálková 2007). 
Since the molecular weights are strongly operational, the values calculated from the 
SEC measurements are "apparent molecular weights". 
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2 EXPERIMENTAL 

2.1 Sampling 

Groundwater samples were collected on 14th of October 2011 from groundwater stations 
ONK-PVA1 (depth about –20 m b.s.l.) and ONK-PVA3 (depth about –85 m b.s.l.) in 
ONKALO, Olkiluoto, Finland. The samples were on-line pressure filtered in situ, using 
Whatman mixed cellulose ester, 0.45 m filters. Sampling at ONK-PVA1 took 30 min 
per sample and at ONK-PVA3 90 min per sample. The tubing material used in the 
sampling was nylon. The glass containers (2 l) used to collect and store the samples 
were washed with 6 % HNO3, high-purity MQ water and ethanol. Three parallel 
samples were taken from both sampling point. The samples were stored at 6 ºC and, 
since the photosensitivity of HS (Vidali et al. 2010), protected from the light by 
aluminium foil around the glass containers. 

2.2 Chemicals and standards 

All the solutions used were made using high-purity MQ water. 

Methanol (J. T. Baker) was of the “Baker Analyzed” quality. 

n-Hexane was of the “Baker resi-analyzed” quality (J. T. Baker). 

Analysis grade 1.0 M HCl and NaOH (Reagecon). 

NaNO3 (Merck) was of pro analysis grade. 

Sodium acetate was "EMSURE®" (99 %) quality (Merck). 

Acetonitrile (Prolabo) was of LC-MS grade. 

Phosphate buffer was made of K2HPO4 and KH2PO4, both "EMSURE®" (99 %) quality 
(Merck). 

DAX-8 resin (Supelite DAX-8, Supelco) was used for the isolation of humic substances 
from groundwater. 

Reference solution (for method optimization) containing humic and fulvic acids were 
made by dissolving International Humic Substances Society (IHSS) Nordic Aquatic 
Humic Acid Reference (1R105H) and IHSS Nordic Aquatic Fulvic Acid Reference 
(1R105F) in phosphate buffer. The reference humic and fulvic acids were dissolved by 
shaking.  

Poly(styrene sulfonate) sodium salt standards (PSS) with MWs 1 100, 3 610, 6 520 and 
14 900 g/mol were used as a calibration standards for the molecular size distribution 
investigations (Figure 1). PSS standards were received from PSS Polymer Standards 
Service GmbH. 

QCWW4 reference solution (Eurofins A/S) was used as a quality control sample for the 
total organic carbon (TOC) determinations. 
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Figure 1. Poly(styrene sulfonate). 
 

2.3 Isolation of humic substances and pretreatment of samples 

Prior to isolation, the resin was first cleaned according to Thurman et al. (1981) with 
slight modifications. The DAX-8 material was cleaned by rinsing the resin in a beaker 
with 0.1 M NaOH and thereafter with methanol until pH was neutral. Next, the resin 
was Soxhlet-extracted sequentially for 6 h with n-hexane and methanol. DAX-8 was 
stored in methanol at 6 ºC until used. 

The cleaned DAX-8 polymer in methanol was slurry-packed into a 160-mm I.D. class 
column, resulting in an 8-cm sorbent bed. The packed column was rinsed with MQ 
water until it was free of methanol. The groundwater sample, acidified to a pH 2.5 with 
1.0 M HCl, was placed in a separatory funnel and slowly drained through the resin. The 
humic and fulvic substances adsorbed on the resin were eluted with 60 ml of 0.1 M 
NaOH. The final solution was neutralized with HCl prior to analysis. 

For the quality control of the extraction method, the same procedure as for groundwater 
samples was performed for 1.0 l reference sample containing humic and fulvic acid 
refrences (1R105H and 1R105F) and for blank sample (MQ water). 

2.4 TOC analysis 

The TOC measurements of isolated groundwater, reference solution and blank samples 
were performed with the TOC-V CPH (Shimadzu Corporation) analyzer connected to 
an ASI-V autosampler (Shimadzu Corporation). The TOC analyzer was calibrated to the 
range of 0.5 to 20 mg/l. Quality control samples (QC WW4, 2.0 and 20.0 mg/l) were 
analyzed at the beginning and at the end of each run. 

2.5 Molecular size distribution 

Size exclusion chromatography (SEC) is a widely used method for determining the 
molecular size distributions. It can provide simultaneously the number-average 
molecular weight (Mn) and the weight-average molecular weight (Mw), which are 
parameters used to describe the MWs of mixtures of molecules like humic substances. 
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However, even though the method is valid for the kind of analysis, the results are highly 
dependent of the analysis parameters and conditions used. In addition, the humic 
substances differ from each other depending of the sampling place. Thus, the method 
needs to be optimized for each case. 

High performance SEC (HPSEC; Waters 2695 Separations Module) with ultraviolet 
(UV) detection (Hewlett Packard, Series 1050) at 254 nm (UV254) and at 280 nm 
(UV280) was used to investigate the molecular size distribution of isolated humic 
substances. Also Waters 2414 refractive index (RI) detector was used. Both of the UV 
wavelengths have been widely employed in HS detection. In some cases RI detector 
might be more usable in HS detection compared to UV, as the RI has found to be more 
sensitive in detecting HA (Son et al. 2010). The problem of UV has been that it detects 
only limited HA components, meanwhile the absorptivities of different HA constituents 
being unequal. Nevertheless, since it has been indicated that smaller molecules have 
lower refractive index and relative absorbance than larger molecules (Asakawa et al. 
2011), both of the detectors give a source or error. 

Macroporous silica-based TSKgel G3000SW column (7.5 i.d. × 600mm) was used for 
the HS separation. The column selected has found to provide effective separation of the 
humic substances in HPSEC (Laborda et al. 2008; Peuravuori et al. 2005). 

Polyethylene glycol (PEG; or polyethylene oxide, PEO) standard set was not applied 
within the current study since they have given relatively high MW values compared to 
other standards used (Vilhunen and Manninen 2010; Allpike et al. 2005). The PEG 
standards are indicated to behave distinctly in the column compared to HS, thus being 
unsuitable for HS analysis (Allpike et al. 2005).  

PSS standards with MWs 1 100, 3 610, 6 520 and 14 900 g/mol were used as a 
calibration standards for the molecular size distribution investigations. PSS standards 
have been extensively employed in HS detection (Asakawa et al. 2011; Asakawa et al. 
2008; Guéguen and Cuss 2011; Laborda et al. 2008). Humic substances are, according 
to previous studies, more branched and cross-linked than PSS standards (Peuravuori and 
Pihlaja 1997). Nonetheless, the PSS standards have been considered to be suitable 
standards in studying the molecular weights of humic substances, since they behave 
similarly during chromatographic elution on HPSEC (Peuravuori and Pihlaja 1997 and 
Chin et al. 1994). 

Background, i.e. ionic strength, pH ( 7) and amount of phosphate buffer of standards, 
reference samples and actual samples were kept the same. The pH was not altered since 
the column suits best for the pH neutral or slightly acidic conditions (Janoš and 
Zat epálková 2007). 

Three eluents NaNO3, Na-acetate and ACN solutions were tested for HPSEC 
measurements. All the eluents contained 10 mM of phosphate buffer. The effect of 
eluent concentration (5-100 mM) was evaluated with NaNO3 and Na-acetate eluents. 
ACN concentration was kept constant (25 %) since according to Asakawa et al. (2008) 
changing the ACN concentration does not have an effect on results. The flow rate of 0.6 
ml/min was used and the sample volume was 40 μl. All the samples were filtered with 
0.45 μm nylon filters prior to analysis. 
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3 RESULTS 

The TOC measurements gave the estimated amount of HS in the groundwater. 
Molecular size distribution determinations with SEC, however, described the MWs of 
the mixtures of humic substances. The results are given for each sample, thus the 
variation (or error) of the method can be seen between the differences in the results of 
parallel samples. With SEC, parallel analyses of each parallel sample were not 
performed since the error of the analysis was insignificant (especially when compared to 
the error of the method) and the time for analyzing the set of samples by SEC would 
have been impractically long possibly endangering the stability of the samples. 

3.1 TOC results 

The results of the TOC measurements are presented at Table 1. The TOC content in 
isolated sample was expected to be humic substances. HS covered around 40 % of the 
TOC content in ONK-PVA1 groundwater sample and around 30 % in ONK-PVA3 
sample. TOC recoveries were low compared to the previous study by Vilhunen and 
Manninen (2010). The results of isolated samples were calculated to equate the volume 
of the original sample (~2 l). The volume of the isolated sample was about 33 times to 
original sample (~2 l sample concentrated to 60 ml). The measured concentrations of the 
QC samples (2.0 and 20.0 mg/l) prior to sample run were 2.059 and 19.57 mg/l and 
after the sample run 2.031 and 20.52 mg/l. The TOC result for MQ water treated as a 
sample was 0.54 mg/l. 

 

Table 1. The results of TOC measurements. *Calculated for the original volume. 

 
TOC at original 

sample (mg/l) 
TOC (HS) at isolated 

sample (mg/l)* TOC recovery (%)

ONK-PVA1 
8.0 3.4 43 
9.1 2.7 30 
8.9 3.2 36 

ONK-PVA3 
9.7 2.4 24 
6.7 2.1 32 
10.6 2.4 23 

Reference 
sample 3.5 3.7 106 

 

3.2 Molecular size distribution - HPSEC method optimization 

Molecular size distribution was determined with HPSEC. The calibration curve (log 
MW vs. peak retention time) was used to define the MW of the samples and Mn and Mw 
were further determined using Equations 1 and 2. In the equations, hi is the height of the 
measured peak eluted at retention time Ri and Mi is the molecular weight of the peak at 
retention time Ri, determined from the calibration curve. When the peak response 
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exceeds 10 times the standard deviation of the average values of the baseline, it is 
considered as a peak (limit of quantification, LOQ). Peaks with significant intensity for 
HS were not found from the blank samples (MQ samples). 
 

  nM =
n

i
i

i

i

n

i

M
h
h

 (1) 

  wM = n

i i

ii

n

i

h

Mh
 (2) 

3.2.1 Testing of different eluents and ionic strengths 

The molecular size distribution values for reference HA (1R105H) and FA (1R105F) 
were estimated when different eluents NaNO3, Na-acetate and ACN with 10 mM 
phosphate buffer were used. Also the eluent concentration in case of NaNO3 and Na-
acetate was varied, thus showing the effect of ionic strength. A test for NaCl (50 mM) 
and ACN (4 %) addition into 5 mM NaNO3 eluent was also performed.  

Even though the retention times changed substantially with distinct eluents and ionic 
strengths (example in Figure 2), differences between the results were rather small and 
all the results were the same order of magnitude. This was possible since during the 
chromatographic elution the PSS standards behaved similarly with humic and fulvic 
acids, thus the retention times changed more or less equally when changing conditions. 
However, it should be noted that with distinct set of standards the results might have 
been substantially different.  

 

 
Figure 2. Examples of different HPSEC chromatograms (UV254  detection): reference 
FA with eluents 100 mM NaNO3 (low fractionation, shorter retention time) and 25 % 
ACN (higher fractionation, longer retention time). 



8 

The results of method optimization, i.e. Mn and Mw values for reference HA and FA, are 
presented at table 2. In calculations the chromatogram was divided into fractions 
according to separated peaks or "shoulders" (figure 3). Fraction 1 represents molecules 
with the highest molecular weight. The fractions between different samples are not fully 
comparable, especially when the amount of separated fractions is different. However,  
some indications of the molecular size distribution can be made according to the 
fractionation. In case of NaNO3 eluent the fractionation of HS in the HPSEC column 
was weak when the ionic strength was high and occurred in considerably higher extent 
when the NaNO3 concentration was low, 5 mM. The NaCl and ACN additions did not 
affect to Mn and Mw values (fraction 1) but the NaCl addition weakened the 
fractionation similarly to high NaNO3 concentration. 

 

Table 2. The HPSEC results of eluent tests with HA and FA references (detect. UV254). 

 HA 
  

Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 
Mn Mw Mn Mw Mn Mw Mn Mw Mn Mw 

NaNO3 5 mM 2361 3313 950 955 789 770 421 427 - - 

NaNO3 25 mM 2610 3732 785 829 - - - - - - 

NaNO3 100 mM 2595 3664 - - - - - - - - 

NaNO3 5 mM + 
NaCl 50 mM 2339 3202 - - - - - - - - 

NaNO3 5 mM + 
ACN 4 % 2575 3502 1067 1071 825 830 551 565 - - 

Na-acetate 5 mM 2383 3487 850 856 490 525 - - - - 
Na-acetate 25 mM 1906 3413 - - - - - - - - 
Na-acetate 100 mM 1844 3201 - - - - - - - - 

ACN 25% 2365 3660 787 805 488 494 277 289 126 128 

FA      

NaNO3 5 mM 2144 2625 1119 1122 908 911 699 704 477 485 

NaNO3 25 mM 2258 2719 1200 1203 978 982 665 684 - - 

NaNO3 100 mM 2266 2822 - - - - - - - - 

NaNO3 5 mM + 
NaCl 50 mM 2024 2525 - - - - - - - - 

NaNO3 5 mM + 
ACN 4% 2116 2625 1038 1042 804 809 542 553 - - 

Na-acetate 5 mM 2116 2666 1047 1051 822 827 577 585 352 360 
Na-acetate 25 mM 2118 2593 1010 1014 703 719 363 385 - - 
Na-acetate 100 mM 1768 2482 - - - - - - - - 

ACN 25 % 1593 2162 651 660 445 449 277 282 129 133 
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The highest fractionation in the study was found with 25 % ACN (figure 3), when Mn 
and Mw results of reference FA sample were somewhat lower compared to the other 
eluents used. The fractionation was rather scarce with Na-acetate, although some 
calculations for multiple fractions were possible to be made (with lower concentrations). 
Results of fraction 1 were mainly very similar with all the eluents used (table 2). For 
testing of different detectors and analyzing the groundwater samples 5 mM NaNO3 and 
25 % ACN eluents were selected.  

 

 

 
Figure 3. HPSEC chromatograms of reference HA and FA (UV254 detection). a) 5 mM 
NaNO3 eluent, b) 25 % ACN eluent. Approximated fractions 1-5 are presented as 
dashed vertical lines. 
 

Fr1 Fr2 

Fr3 

Fr4 

Fr5 

A 

B 

Fr1 

Fr5 

Fr2 

Fr3 

Fr4 
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3.2.2 Testing the effect of detection system 

When testing the effect of the used detector (UV254, UV280 and RI) 5 mM NaNO3 and 
25 % ACN were used as eluents. RI detection was not applicable for ACN eluent and 
thus not employed. The results of reference HA and FA are presented at table 3. The 
results did not vary significantly according to the used detector. 

 
Table 3. The results of detector tests with HPSEC (HA and FA references). 

HA Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 

Detector / Eluent: Mn Mw Mn Mw Mn Mw Mn Mw Mn Mw 

UV254 / NaNO3 2361 3313 950 955 789 770 421 427 - - 

UV280 / NaNO3 2561 3653 998 1002 814 800 447 453 - - 

RI / NaNO3 2502 4054 739 758 526 526 - - - - 

UV254 / ACN 2365 3660 787 805 488 494 277 289 126 128 

UV280 / ACN 2324 3632 755 772 467 473 261 274 120 121 
FA 
           
UV254 / NaNO3 2144 2625 1119 1122 908 911 699 704 477 485 

UV280 / NaNO3 2225 2689 1173 1176 959 962 744 749 509 517 

RI / NaNO3 2354 2858 1262 1267 1019 1024 688 709 474 475 

UV254 / ACN 1593 2162 651 660 445 449 277 282 129 133 

UV280 / ACN 1429 2030 561 564 426 430 266 270 123 126 

 
3.3 Molecular size distribution – analysis of groundwater samples 

The groundwater samples were analyzed with the eluents 5 mM NaNO3 and 25 % ACN. 
All detectors (UV254, UV280 and RI) were employed in the analysis. However, the 
results received by UV254 and UV280 detectors were very similar and thus shown only 
for UV254 measurements. The reference sample referred in this section has been treated 
the same way as the groundwater samples. When exploring the results, it should be 
noted that the HS in the groundwater sample does not represent the original situation 
but the isolated HS in completely different environment. 

 
3.3.1 NaNO3 + phosphate buffer eluent 

The calibration curves for PSS standards are presented at figure 4. The lowest PSS 
standard with MW of 1 100 g/mol was not used in the study since it gave a set of peaks 
instead of a single peak as the standard substance is supposed to. Even though the 
standards were stored properly, deterioration of the material was assumed to have 
occurred. Since the occasion, the standards did not exactly cover the range of HS but 
were still used in the calibration.  
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Figure 4. The HPSEC calibration curve of PSS standards (MWs 3 610, 6 520 and 
14 900 g/mol) with UV254 and RI detection (5 mM NaNO3 eluent) 
 

Figure 5 presents the chromatograms of blank, ONK-PVA1, ONK-PVA3 and reference 
samples (UV254 and RI detection). The profile of HS in the chromatograms is very 
similar with ONK-PVA1 and ONK-PVA3 samples. In addition, unexpectedly the 
profile for reference sample for the latter fractions is similar with groundwater samples. 
The reference sample appears to contain slightly heavier material compared to 
groundwater samples. The chromatograms when UV254 was used as detector are more 
explicit compared to chromatograms from RI measurements. There were also some 
problems with peak integration in RI measurements. Nevertheless, both detectors were 
found to be applicable in HS determination. For the comparable results the number of 
fractions was kept the same for both detectors, even though the fraction 2 in RI 
measurements was not evident (Figure 5). 
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Figure 5. HPSEC chromatograms of blank, ONK-PVA1, ONK-PVA3 and Reference 
samples (5 mM NaNO3 eluent) a) UV254 detection, b) RI detection. Approximated 
fractions 1-5 are presented as dashed vertical lines (fraction 1 starts from different 
point in groundwater and reference sample). 

 
The results for groundwater and reference samples are presented at table 4. According 
to Mn and Mw values the HS content in ONK-PVA1 and ONK-PVA3 samples appear to 
be very similar. The Mn and Mw values were 1 700 – 1 800 in fraction 1 and around 500 
in fraction 5. The values of reference sample were higher compared to groundwater 
samples in fraction 1. The responses of the fractions 1 to 3 were the highest, indicating 
the amount of the HS content being the greatest in these fractions. 

 

A 

B 

Fr1 

Fr2 
Fr3 

Fr4 

Fr5 

Fr1 Fr2 Fr3 Fr4 Fr5 
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Table 4. The results of HPSEC measurements (eluent 5 mM NaNO3, detectors UV254 
and RI). 

  Det. Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5

   Mn Mw Mn Mw Mn Mw Mn Mw Mn Mw

ONK-PVA1 
UV 1738 1796 1256 1262 1025 1028 793 800 511 522

RI 1530 1793 1301 1305 1041 1047 784 789 523 533
            

ONK-PVA3 
UV 1744 1802 1257 1262 1025 1028 791 799 510 521

RI 1549 1831 1302 1305 1040 1047 783 788 519 528
            

Reference sample 
UV 2132 2407 1264 1269 1028 1031 796 805 516 527

RI 2094 2286 1308 1311 1045 1052 787 792 560 566
 
Polydispersity, , measures the sample heterogeneity and can be calculated using 
equation 3. Polydispersity was found to be rather low and significant differences were 
not observed. The highest values were found in fraction 1 and the second highest values 
were in fraction 5. In fraction 1  was higher in RI measurements in case of 
groundwater samples and in UV measurements when reference sample was in question. 
 

n

w

M
M

    (3) 

 
Table 4. Polydispersivity, , of each fraction from HPSEC measurements. 

  Detector Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5

ONK-PVA1 
UV 1.033 1.005 1.003 1.009 1.022 

RI 1.172 1.003 1.006 1.006 1.019 

       

ONK-PVA3 
UV 1.033 1.004 1.003 1.010 1.022 

RI 1.182 1.002 1.007 1.006 1.017 

       

Reference sample 
UV 1.129 1.004 1.003 1.011 1.021 

RI 1.092 1.002 1.007 1.006 1.011 
 

3.3.2 ACN + phosphate buffer eluent 

The calibration curve for PSS standards with UV254 detection and ACN eluent is 
presented at figure 6.  
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Figure 6. The HPSEC calibration curve of PSS standards (MWs 3 610, 6 520 and 14 
900 g/mol) with UV254 detection (25 % ACN eluent) 
 

Figure 7 presents the chromatograms of blank, ONK-PVA1, ONK-PVA3 and reference 
samples (UV254 detection). Again, the profile of HS in the chromatograms is very 
similar with ONK-PVA1 and ONK-PVA3 samples. The profile of the chromatogram is 
slightly different from the determination when NaNO3 was used as eluent. The peak 
after 36 min is caused by the background and found also from the blank sample. 

 

 
Figure 7. HPSEC chromatograms of blank, ONK-PVA1, ONK-PVA3 and Reference 
samples (25 % ACN eluent, UV254 detection). Approximated fractions 1-5 are presented 
as dashed vertical lines (fraction 1 starts from different point in groundwater and 
reference sample). 

Fr1 Fr2 Fr3 Fr4 Fr5 



15 

The results of HPSEC measurements are presented at table 5. Mn and Mw values, when 
ACN have been used as an eluent, were somewhat lower compared to the measurements 
with NaNO3 eluent. For fractions 1 to 5 the results were around 1 100, 700, 500, 300 
and 100.  The results between the eluents were, however, of the same magnitude. 

 

Table 5. The results of HPSEC measurements (eluent 25 % ACN, detector UV254). 

  Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 

  Mn Mw Mn Mw Mn Mw Mn Mw Mn Mw 

ONK-PVA1 1086 1160 692 697 482 490 280 286 129 132 

ONK-PVA3 1093 1170 692 697 482 489 280 286 128 132 
Reference 
sample 1421 1760 694 698 484 491 283 18 120 122 
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4 DISCUSSION 

4.1 The amount of humic substances 

The amount of humic substances at ONKALO, Olkiluoto has been studied for many 
years. The current results have been compared with the previous ones at Table 6. The 
amount of humic substances has remained at equal level at the water taken from the 
stations ONK-PVA1 and ONK-PVA3 between the samplings. The sampling at station 
ONK-PVA5 has been performed only once. According to the results, the amount of 
humic substances reduces when the sample is taken from the groundwater station 
situating further beneath the ground. This is reasonable since the amount of HS in the 
surface water is usually much greater compared to groundwater and in the groundwater 
stations situating closer to the ground humus originating from the surface water/soil is 
most probably leached into groundwater.  

 

Table 6. The HS (mg/l) results at ONKALO, Olkiluoto in the previous and current study. 

Groundwater station Reference Amount of HS 
(mg/l) 

ONK-PVA1 

Current study  3.1 

Vilhunen and Manninen 2010 3.6 

Manninen and Mäkelä 2006 3.2 

ONK-PVA3 

Current study  2.3 

Mäkelä and Manninen 2008 2.8 

Mäkelä and Manninen 2007 3.0 

ONK-PVA5 Vilhunen and Manninen 2010 0.75 

4.2 Molecular size distribution 

It has been shown that the MW determinations of humic substances by size exclusion 
chromatography are subject to high variability (Zhou et al. 2000; Peuravuori and Pihlaja 
1997). Several factors, especially the type of the calibration standard, have been 
reported to influence the MW determinations by HPSEC. For example, according to 
Peuravuori and Pihlaja (1997) and Janoš and Zat epálková (2007) the use of protein 
standards have led to misleading information of the molecular weight and size 
distribution of humic solutes by overestimating the values. The selection of the eluent 
has been considered to be the most critical step in studying aquatic humic solutes by 
HPSEC (Peuravuori and Pihlaja 1997). With different eluents the elution volume, i.e. 
the volume of eluent between the start of the elution and the peak maximum of studied 
substance, has varied substantially with otherwise equal conditions. Ionic strength of the 
eluent might have an influence on the so called ionic exclusion effect caused by the 
electrostatic repulsion between the analyte (HS) and the column gel matrix (Asakawa et 
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al. 2008). Since the effect, elution time of analyte might be decreased causing 
overestimation of the molecular size. The ionic exclusion effect can be suppressed by 
increasing the ionic strength of eluent. On the other hand, the high ionic strength of 
eluent might increase the HS adsorption on the column gel matrix. These kind of non-
size-exclusion effects are not preferred in SEC and can be avoided, or at least 
minimized, by selecting the analysis conditions properly. The results of the current 
study are divergent from the results by Mäkelä and Manninen (2008) and Peuravuori 
and Pihlaja (1997) (Table 7). However, different eluents/standards were used within the 
studies. Significant effect of the eluent high ionic strength was not observed during the 
study. 

 
Table 7. Comparison of the molecular size distribution results of Nordic reference 
substances. The results in the current study are "total" values (not for any fraction). 

 Mn Mw Eluent Calibration Detector Reference 

HA 1 786 2 959 NaNO3* PSS UV254** Current study 

FA 1 395 2 075 NaNO3* PSS UV254** Current study 

HA 1 317 3 050 ACN* PSS UV254** Current study 

FA 934 1 766 ACN* PSS UV254** Current study 

HA+FA 948 992 NaNO3 PSS UV254 
Vilhunen and 
Manninen 2010 

HA+FA 2 815 2 926 NaNO3 PEG RI 
Vilhunen and 
Manninen 2010 

HA+FA 14 821 16 305 Na-acet. PEG RI 
Vilhunen and 
Manninen 2010 

HA 4 754 8 649 NaNO3 PEO UV300 
Mäkelä and 
Manninen 2008 

FA 4 266 7 164 NaNO3 PEO UV300 
Mäkelä and 
Manninen 2008 

HA 5 056 19 440 Na-acet. PSS UV254 
Peuravuori and 
Pihlaja 1997 

FA 3 873 6 102 Na-acet. PSS UV254 Peuravuori and 
Pihlaja 1997 

HA 12 106 28 354 Na-acet. protein UV254 Peuravuori and 
Pihlaja 1997 

FA 9 213 12 163 Na-acet. protein UV254 Peuravuori and 
Pihlaja 1997 

*with phosphate buffer 10 mM  

**similar results with UV280 and RI (not shown) 
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In the previous study by Vilhunen and Manninen (2010) the molecular weight 
parameters for IHSS Nordic reference substances varied widely, especially when 
different set of standards were used (table 7). Also the eluent used in the analysis caused 
high variation. The results in the current study were somewhat higher to the previous 
ones (Vilhunen and Manninen 2010), when PSS standards were used with NaNO3 
eluent. Departing from the previous study, eluent contained 10 mM phosphate buffer 
and the NaNO3 concentration was lower. However, the difference in the results is 
mainly due to the different calculation method. The calculations of the current results 
were performed using a higher amount of data (number of retention times vs. 
responses). In the table 7 the results are calculated for the entire data set ("total" value), 
i.e. not for fractions as in section 3.3. Also the analysis conditions were slightly 
enhanced. Within the current study the results, even though analysis conditions were 
varied, were similar to each other. As a comparison, similar results were obtained with 
IHSS Suwannee River humic and fulvic acids when PSS standards were employed in 
calibration (Guéguen and Cuss 2011). The Mn and Mw values were 1 605 and 5 692 for 
HA and 1 262 and 2 155 for FA reference. 

There were major differences in the retention times in the HPSEC measurements when 
using different eluents and ionic strengths in the current study. However, since the 
standard substances behaved equally with the HS in reference and groundwater samples, 
the results regardless of the different conditions were very similar. Thus, PSS standards 
seem to be a justified selection for HS analysis. Similar statements are found in the 
literature, when the PSSs have been considered to be suitable standards in studying the 
molecular weights of humic substances, since the similar behaviour with HS during 
chromatographic elution on HPSEC (Peuravuori and Pihlaja 1997 and Chin et al. 1994). 

The fractions give information of the molecular size distribution of each sample. The 
higher response in the earlier fractions (1 to 3) indicates that the amount of HS is higher 
in these fractions compared to fractions 4 and 5. This might also refer to presence of 
HA. However, it has been stated that the smaller molecules tend to have lower 
responses compared to higher molecular weight molecules when UV (or RI) detection is 
used (Asakawa et al. 2011). In such case the results might be somewhat distorted but 
rather insignificantly compared to deviations caused by e.g. different eluents. The 
chromatogram profiles of the latter fractions were similar between the groundwater 
samples and reference sample. This was unexpected since the reference HS were 
assumed to have considerably different content compared to groundwater HS. The 
possibility, that the effect could have been caused by e.g. the measurement system, 
should be excluded by further investigations. 

Comparing the results received by UV254 and RI detector might give information of the 
organic content of the sample, as in the study by Song et al. (2010), which is due to the 
difference in the detection theory between UV and RI detectors. UV detector measures 
species which absorb UV radiation and the absorbance is different depending on the 
chemical structure of the molecule (e.g. aromaticity and double bonds).  RI detector 
measures changes in refractive index and is considered to be more universal than UV 
detector (Song et al. 2010). In our study, however, the results with both detectors were 
rather similar. Slightly larger values in fraction 1 were received by UV detector but the 
results of other fractions were higher with RI detector. This might indicate the presence 
of for example C=C double bonds and other UV absorbing species in higher extent in 



19 

fraction 1 compared to other fractions. The polydispersivity was the highest in fraction 
1 which is reasonable, since the fraction is also the widest. Polydispersivities of 
groundwater samples in fraction 1 were higher according to RI measurements but the 
differences were marginal. 

The humic substances and their molecular size distributions vary remarkably i.e. 
between different lakes (Peuravuori and Pihlaja 1997), not to mention between the 
surface waters and groundwater, and between countries and continents. Therefore, the 
universal method for studying the molecular size distribution of humic substances 
cannot be available and the analysis method should be optimized for each case.  
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5 FURTHER SUGGESTIONS 

Since the HPSEC method optimization reached the target which was set during the last 
period, the annual follow up of HS of the ONKALO groundwater is recommended to be 
continued with the developed method. Also the depths of the sampling should be varied 
to find out the variation of the HS molecular size distribution in different depths. In 
addition, single model substances or new set of standards should be tested to evaluate 
the suitability of the selected standard set more accurately (even though the PSS 
standards are commonly accepted for HS molecular size determinations). The reason for 
similar chromatogram profiles should be further examined in order to exclude improper 
analytical effects. The chromatographic method could be enhanced to increase the peak 
fractionation (e.g. with two different SEC-columns in a row). Also the fractionation 
could be utilized for evaluating the molecular size distribution in more detail, e.g. 
separation of the fractions and MS analysis of each could be performed in the following 
studies.  
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6 CONCLUSIONS 

According to the isolation method with DAX-8 and TOC measurement the average 
amount of HS in ONK-PVA1 water was 3.1 mg/l and in ONK-PVA3 water 2.3 mg/l as 
organic carbon. The amount of HS covered only 36 % of the TOC content of ONK-
PVA1 water and about 26 % of ONK-PVA3 water. In the previous experiments the 
DAX-8 isolation has been proven to be reliable and the recoveries of the quality control 
sample have shown the method to be of good quality, also in the current study. The HS 
amounts were almost equal to the previous results and the amount of HS seems to be 
lower at the water from the groundwater stations situating further beneath the earth’s 
surface.  

The molecular size distribution measurements in order to find out the MW, Mn and Mw 
of the humic matter were performed using HPSEC with UV254, UV280 and RI detection. 
The eluents 5mM NaNO3 and 25 % ACN were selected for the groundwater analysis. 
The apparent Mn and Mw values of ONK-PVA1 and ONK-PVA3 water were around 1 
800, 1 300, 1 000, 800 and 500 for fractions 1 to 5, when eluent was NaNO3. The values 
were lower, around 1 100, 700, 500, 300 and 100 for fractions 1 to 5 with ACN eluent. 
Significant differences in HS molecular size distribution between the sampling points 
were not observed. However, the similarity of the chromatogram profiles between the 
groundwater samples and reference sample raised some analytical questions which 
should be answered in the further studies. 

The presence of the HS in the groundwater at ONK-PVA1 and ONK-PVA3 was 
evident. The apparent MW value given for the HS depends on the column, eluent, 
standards and other parameters used thus, comparison of the values with the previous 
ones and with the literature is difficult. For the adequate follow-up of the state of the 
groundwater at ONKALO, more data is needed. Altogether, the method obtained within 
the current study enables the follow up of the molecular size distribution of the humic 
substances found in ONKALO groundwater. 
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