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Abstract: A single stream water 
sample was exposed to artificial 
sunlight radiation in order to assess the 
photo-oxidation process of Dissolved 
Natural Organic Matter (DNOM). 
Structural changes of DNOM were 
observed by measuring changes in the 
absorbance and fluorescence intensity 
as a function of time of exposure to 
artificial solar irradiation. Different 
measures (the 190-450 nm absorbance 
spectra, the absorbencies at 254 and 
280 nm, the ratio between the 
absorbance at 254 and 365 nm, the 
fluorescence intensity for excitation-
emission points at 250-425 and 340-
450 nm and the ratio between these two 
single point intensities commonly 
referred to in the literature as proxies 
for specific structural characteristics of 
the DNOM, where studied. These 

proxies indicated that DNOM 
substances was broken into smaller 
molecules and that there was a 10% 
loss of aromaticity. The process 
appeared rapid, as the bulk of the 
reaction occured within the first 
minutes of radiation exposure. 
Postulated increase in the labile 
reactive orthophosphate (i.e. conversion 
from dissolved organic phosphorus to 
orthophosphate) with time of exposure 
was analysed by the modified 
molybdate blue method (Murphy and 
Riley, 1962).  

Free reactive orthophosphate was found  
to be mineralized from DNOM by the 
solar irradiation. Changes in dissolved 
amounts of other relevant elements (e.g. 
Al and Fe) were analysed by means of 

Inductively Coupled Plasma Mass 
Spectrometry. No significant changes 
in the dissolved concentration were 
noticed.  

Thus, a significant fraction of the 
orthophosphate transported to surface 
waters with the DNOM may by photo-
oxidation become bioavailable. This 
has implications for the consideration 
of the eutrophying role of background P 
loading from forested regions. 
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Introduction 

Eutrophication, leading to algae blooms, is one of the most serious 

current environmental problems. This term refers to the response of 

an aquatic ecosystem to excessive inputs of nutrients (especially 

nitrates and phosphates). As the bioavailability of phosphorus (P) 

tends to be the growth limiting factor in most standing freshwater 

lakes, a minor increase of its concentration may lead to stark effects 

in terms of large algae blooms. With this growth of plankton, the 

depth of the photic zone decreases which has consequences for the 

survival of photoautotrophs. Moreover, when the algae die and sink 

to the bottom of the lake, they are decomposed by microorganisms. 

This oxygen consuming metabolism process results in anoxic 

condition in the bottom of many eutrophic lakes, despite the massive 

oxygen producing photosynthesis in their surface water. The 

depletion in oxygen causes the death of benthic organisms and 

renders the environment uninhabitable for fish and other organisms 

which eventually die. Their biomass is added on the decay of 

organic matter which consumes thereby more oxygen. This is a 

vicious feedback circle causing the eutrophication process to 

accelerate. The eutrophication eventually leads to blooms of toxic 

algae (i.e. blue-green bacteria) deteriorating the water quality and 

use for recreation and as a raw water source for tap water. 

Considerable efforts are thus been made on abatement actions, such 

as reducing the phosphorus in fertilizers and a better management of 

wastewaters, in order to decrease the input of nutrients from 

terrestrial anthropogenic diffuse and point sources. 

 

At Lake Vansjø, south-eastern Norway, numerous abatement 

actions have been performed over the past 30 years in order to 

reduce the eutrophication problem. What is interesting is that despite 

these efforts the available phosphorus concentration in the lake has 

not decreased. One of the hypotheses proposed to explain this lack 

of responce is linked with the resolution of another environmental 

issue since the 1980’s, namely the acid rain. During the acid rain 

period, inorganic labile aluminium (Ali) from acid forest soils was 

leached into streams due to low pH and the mobile sulphate anion 

(Seip et al., 1989). Free aluminium in headwater forest streams is 

able to co-precipitate labile phosphorus leaching from agricultural 

land further downstream. This would imply that the acid rain may 

have had an antagonistic effect on the eutrophication by rendering 

the phosphorus less bioavailable during the acid rain period 

(Ferguson and King, 1977). Nowadays, the level of Ali in acid forest 

streams is reduced due to a 90% reduction in S deposition. Thus, the 
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effect of the abatement actions may have been disguised by the 

reduction in precipitation in bioavailable phosphorus concentration 

due to a reduced removal caused by the decrease in Ali in the water. 

 

Natural organic matter (NOM) is a mix of humic 

macromolecules which has strong binding properties. The 

concentration of dissolved natural organic matter (DNOM) has been 

doubled in surface waters in regions previously suffering acid rain 

(Skjelkvåle et al., 2010). As P is an essential element in all living 

matter it is also an inherent constituent of DNOM which consitutes 

the main natural transport mechanism for phosphorus from soil 

horizons to surface waters (Mohr, 2010). Aluminium and iron can 

be bound to DNOM (Alo and Feo) and phosphorus can also be 

directly bound to those Alo and Feo and by this way indirectly to the 

DNOM (Paludan and Jensen, 1995). Moreover, DNOM is 

responsible for giving the water a yellow-brown colour due to its 

long conjugated double-bonds and aromatic systems which reduce 

the penetration of sunlight into the lake water (NORDTEST, 2003). 

 

During the summer lakes function like photo-reactor tanks in 

which the solar radiation photo-bleaches the exposed DNOM by 

oxidizing and possibly partly mineralizing the DNOM. NOM 

chromophores, which are mostly conjugated double-bonds, absorb 

radiation in the ultraviolet range which is energetic enough to break 

chemical bonds, thereby affecting the structure of the 

macromolecule. By this way, mineralized phosphorus, aluminium 

and iron may potentially be released into the aquatic environment. 

The released phosphorous may subsequently be precipitated by the 

aluminium and iron. 

 

A number of spectroscopically based parameters enable a 

study of some the structural characteristics of the DNOM. The UV 

absorbance at 254 nm is an excellent indicator, or proxy, of the 

natural organic matter content in natural waters. Moreover, the 

aromatic structures, which are practically omnipresent in humic 

substances, have an increasing extinction coefficient the lower the 

wavelength, thought below 254 nm there is an interference with 

absorption by nitrate. There is usually therefore a strong correlation 

between the absorbance at 254 nm and the aromatic carbon content 

(Mrkva, 1983; Weishaar et al., 2003), and thereby the DNOM. The 

absorbance at 280 nm is commonly used as a measure for the 

concentration of aromatic structures such as phenolic arenes, 

polyenes or polycyclic aromatic hydrocarbons with two or more 

rings, as the π-π* electron transition of these compounds occurs 

around this wavelength. Moreover, the ratio of the absorbance at 

254 nm with the absorbance at higher wavelength, such as 365 nm, 

correlates well with the molecular size where an increase of the ratio 

Abs254/Abs365 represents a decrease in molecular size (Peuravuori 

and Pihlaja, 1997).  

 

Some humic substances are fluorescent, yet they do not 

contain a specific fluorophore but rather a range of fluorophors as 

the material contains a continuum of structures. The presence of –OH 

substituted aromatic structures along with some carboxylic acid 

groups are known to cause the DNOM to have fluorescence (Seitz, 

1981). The photochemical oxidation processes induce such 

structures in the DNOM and thus increases the fluorescence of 

DNOM. It is thus possible to use the change in fluorescence to 

follow these modifications (Mostofa et al., 2005). 

 

Various studies on fractionated DNOM have provided the 

excitation and the emission wavelengths of the fluorescence 

intensity peaks of the different humic and fulvic fraction. The 

compilation of such data by Chen et al. (2003) have made it possible 

to localize, in an excitation-emission matrix, the regions 

corresponding to the intensity peaks of humic and fulvic acids (as 

well as other compounds such as aromatic proteins or soluble 

microbial by-products). Fulvic acids generate fluorescence around 

425 nm for an excitation at 250 nm, while humic acids have their 

emission peak at 450 nm for an excitation at 340 nm. The main 

differences between these two fractions are, firstly, that humic acids 

have a higher molecular weight and aromaticity content and, 

secondly, fulvic acids present more acidic functional groups such as 

carboxylic or phenolic groups and are more soluble. 

 

The main goal of this study was to assess the release of 

phosphorus by the photo-oxidation process. This was conducted 

through laboratory experiments where DNOM was exposed to 

artificial solar radiation and the release of orthophosphate was 

monitored. The aim was to determine the fate and role of DNOM on 

the eutrophication in freshwater lakes. We exposed an organic rich 

stream water from a headwater forested site, which was inferred to 

have been negligibly exposed to the sun light, to artificial sunlight 

and analysed physical and chemical parameters in the water sample 

during the exposure period. The characteristics of the DNOM were 

studied by measuring absorbance and fluorescence, and the amount 

of different chemical elements (pH, phosphorus, and orthophosphate 

as well the precipitating metals aluminium, iron, calcium etc.) were 

determined in their dissolved and colloidal form. 

 

Results and Discussion 

Structural characterization 

 

Absorbance 

 

The yellow to brown colour of surface water is mainly caused by its 

content of DNOM. This organic matter also absorbs radiation 

especially in the more energetic UV range. Photo-degradation is one 

of the processes caused by this absorption.  

As the conceived changes in DOC concentration are within the 

uncertainty of the detection method, the amount of DNOM is 

considered as a constant. This was corroborated by DOC 

measurements (see the experimental section). The absorbance (Abs) 

and the specific absorbance (Abs/DOC) will therefore be not 

distinguished in this study. 

Over time of exposure to artificial solar radiation the 

absorbance of the DNOM solution decreases across the entire 190-

450 nm range spectrum (Figs. 1 & 2). For the less energetic higher 

wavelengths, the change in absorbance is approximately at noise 

level. The loss of absorbance in the visible range λ400-450 nm 

corresponds to photo-bleaching. However this photo-bleaching 

effect is minor compared with the absorption effects observed in the 

UV range. The difference between the absorbancies of an unexposed 

sample and samples exposed for different amount of time (Fig. 2) 

shows that the reduction in the absorbance is stronger in the UV 

than in the visible range.  

The specific absorbance decreases at all wavelengths during 

the photo-exposure (Fig. 3). This indicates that some of the π bonds 

in the aromatic groups of the molecules are broken. Similarly, the 

increase in ratio between the absorbance at 254 and 365 nm proves 

that the photo-exposure leads to the degradation of larger humic 
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substances (with long chains of conjugated double bonds) into lower 

molecular weight substrates (Fig. 4).  

 

Figure 1. Absorbance spectra in the 190-450 nm range with different time of exposure 

to the artificial solar radiation (min) 

 

 

Figure 2. Difference between the absorbance in the 190-450 nm range of an unexposed 

sample and a sample exposed for 1, 20 and 60 minutes to the artificial solar radiation  

 

Moreover, the change rate of absorbency is higher at the 

beginning of the exposure and stabilizes at a lower photo-

degradation rate after 10-20 minutes. This indicates that there is a 

fraction of the DNOM which is more susceptible for photo-

degradation. This degradation will therefore most likely also occur 

in nature. However, one should notice that the absolute decrease in 

absorbency is very small, only approximately 10%. 

Thought the changes are not large, there is a clear pattern that 

smaller DNOM molecules are created in the water during the photo-

exposure as well as conjugated chains or aromatic groups are 

replaced by aliphatic chains. 

 

 

 

 

 

Figure 3. Absorbance of the water sample at (top) 254 nm, (middle) 280 nm and 

(bottom) 400 nm function of time of exposure to the artificial solar radiation (min) 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Ratio between the absorbance at 254 nm and the absorbance at 365 nm 

(Abs254/Abs365) as a function of time of exposure to the artificial solar radiation (min) 

 

 

Fluorescence 

 

Both of the humic and fulvic peak intensities increase with 

time of exposure to artificial sunlight (Fig. 5). Moreover, the ratio 

between the intensity of these two peaks shows that the fulvic acid 

peak (250-425 nm) increases the most (Fig. 6). 
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Figure 5. Fluorescence intensity of the two single point 250-425 and 340-450 nm 

(excitation-emission) as a function of time of exposure to the artifical solar radiation 

(min) 

 

 

Figure. 6: Ratio between the fluorescence intensity at 250-425 nm and 340-450 nm 

(excitation-emission) as a function of time of exposure to the artificial solar radiation 

(min) 

 

The increase in fluoresence implies that some aromatic 

compounds are converted into –OH substituted aromatic structures 

along with some carboxylic acid groups by the photo-oxidation 

process. At the same time, the DNOM becomes more fulvic, which 

is commonly conceived to be more low molecular weight and thus 

more soluble. 

Most of the changes seen in the fluorescence occur within the 

initial 10 – 20 minutes of exposure to artificial sunlight. This is 

similar to the results of the absorbency measurements. The oxidation 

reaction is therefore considered as a very fast process.  

 

The combined assessment of changes in absorbency and 

fluorescence indicates that the photo-degradation process leads to 

smaller and more soluble molecules with decreased aromaticity and 

increased amount of acidic functional groups. Conceptually and 

according to literature (De Haan, 1992), the smaller compounds 

formed during the photo-degradation are more susceptible to bio-

assimilation than the preceding large macromolecules. Similarly, the 

increased solubility also enhances the bioavailability (Maier, 2009). 

To sum up, photo-oxidation by sunlight is found to enhance bio-

availability of DNOM.  

Chemicals analysis 

 

Phosphorus analysis 

 

In order to assess to what degree P bound to DNOM (DNOM-P) 

becomes bioavailable as a result of photo-degradation, the changes 

in concentrations of different P fractions (orthophosphate (PO4-P), 

total dissolved (TDP) and total phosphorus (Tot-P)) were monitored 

as a function of time of exposure (Fig. 7). 

Figure 7. Phosphorus concentration for total phosphorus (Tot-P), total dissolved 

phosphorus (TDP) and orthophosphate (PO4-P) (μg.L-1) as a function of time of 

exposure to the artificial solar radiation (min) 

 

The results from the P fractionation analysis imply that there is a 

major error in the P determination. The main non-coherent point is 

that the PO4-P fraction is larger than the TDP as well as the overall 

Tot-P amount. Thus, there is an overestimation of the PO4-P 

concentration or an underestimation of the Tot-P and TDP, or even 

both. The second problem of the generated data is that the Tot-P 

concentration is not constant over the experiment. 

Several hypotheses, followed up by numerous tests have been 

performed in order to identify the cause for these analytical 

problems. The main cause for the analytical problems are likely 

linked to the very low concentration of phosphorus in the water 

samples (around 7 μg.L-1 for the Tot-P). There are large relative 

uncertainties in the P analysis at concentrations close to the 

detection limit of 1,3 μg.L-1. Interferences in the chemical detection 

of P may at such low concentrations thus have a relatively large 

influence on the results. Moreover, this limit of detection was 

assessed based on standard solutions, and so containing only PO4-P, 

thus the limit would likely be higher for a the natural sample 

solution with a complicated matrix. The average relative standard 

deviation was around 9% for the Tot-P measurement, but reached 

20% for certain values. The solution contains a high concentration 
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of DNOM compounds, which may have reacted with the reagents 

used in the molybdate blue method (MBM) or absorb radiation at 

the wavelength used for absorbency measurements. Moreover, the 

increase in the amount of –OH groups during the photo-exposure 

could perhaps lead to an increase of absorbency in the 800-1000 nm 

range. The PO4-P, TDP, and Tot-P concentration values were 

therefore corrected for the background absorbance in the sample. 

This was conducted by measuring the absorbance at 880 nm after 

replacing the heptamolybdate-tetrahydrate reagent with a H2SO4 

solution. I.e. all the reagents for the P measurements are the same 

except that the chemical substance heptamolybdate-tetrahydrate, 

which creates the blue complex with orthophosphate in the presence 

of ascorbic acid, was not added. The subtraction of these measured 

absorbencies from the absorbencies measured for the P analysis 

allowed for the sample matrix correction. The background 

absorbance values for the digested samples were insignificant. For 

the PO4-P determination the absorbance was very low but not 

negligible and the values were corrected, though this did not resolve 

the problem. 

The effect of the oxidative reagent (peroxodisulphate) used for 

the digestion step was assessed by measuring the absorbance on 

standards (i.e. containing only PO4-P) with and without digestion. 

No significant differences were observed between the two 

calibration curves, which indicates that the addition of 

peroxodisulphate does not have a significant effect on the MBM 

results. This is supported by the findings of Menzel and Corwin 

(1965). However, the sample contains large quantities of DNOM in 

which practically all of the P is bound. According to the ISO method 

(ISO 6878, 2004) the peroxodisulphate oxidation will not be 

effective in the presence of large amounts of organic matter. Instead 

an oxidation usig a mixture of nitric acid and sulfuric acid is 

necessary. Furthermore, an oxidization of DNOM causes a 

mineralization and release of Fe(III) and Al from the DNOM.  

Failure to adjust the pH to between 3 and 10, following the ISO 

procedure, may have caused a problem in following colour 

generation. On the other hand, following this procedure would 

precipitate out the iron and aluminium, and thereby likely co-

precipitating the orthophosphate rendering the PO4-P not available 

for the complex binder hindering the  by the detection using the 

MBM. This would cause an underestimation of the Tot-P and TDP 

concentrations.  

Another source of uncertainty could be the acidity. All 

samples were added sulphuric acid as a bacterial inhibitor for 

preservation. As the acidification was not accurate, the acidity 

differed slightly between each sample (if the error on the 

acidification was about 20%, the change in pH units was only 0,08 

for a pH value at 1,09). The influence of the acid concentration on 

the absorbency was therefore investigated. This was conducted by 

measuring the absorbance of various standards with different 

amount of acid added following the MBM protocol. However, the 

differences in acidification did not have any effect in the phosphorus 

determination, and even on the DNOM absorbency, in the narrow 

pH range of the samples. 

 

However, even if the absolute values are clearly wrong, the relative 

change in each fraction is conceptually coherent and allows a study 

of the trends in P fractionation caused by the photo-exposure (Fig. 7). 

The Tot-P concentration is inherently practically constant during the 

experiment. Similarly, the TDP concentration remains quite constant. 

The interesting part is that the orthophosphate concentration 

increases dramatically with time of exposure. The artificial sunlight 

irradiation seems thus to only convert some of the DNOM-P to PO4-

P, within the TDP fraction which therefore stays the same. 

 

Total and dissolved cation concentration 

 

The concentrations of other major chemical species, total and 

dissolved, were measured over time of exposure on un-filtered and 

filtered samples, respectively (Fig. 8). The total dissolved 

concentrations were, similar to the total concentrations, expected to 

be constant over time as the radiation had only a mild effect on the 

DNOM causing a mere 10% loss of colour. This was not the case as 

significant fluctuations in the total and total dissolved concentrations 

of major cations were found. The fluctuations were largest for the 

total concentrations. For example, the total iron concentration varied 

between 1.78.10-2 mol.L-1 and 2.59.10-2 mol.L-1, while the standard 

deviation was only 1.47.10-3 mol.L-1. The changes in the total 

phosphorus concentration fluctuated in a similar manner. Moreover, 

the total dissolved concentrations were frequently found to be higher 

than the total concentrations. Yet, in average the total concentrations 

were higher than the dissolved concentrations.                                                                                                 

Figure 8. Total and total dissolved concentrations (mol.L-1) of (top) Ca, Mg, Na, Al and 

Fe, and (bottom) P and Mn, as a function of time of exposure to the artificial solar 

radiation (min) 
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Figure 9. Total (left) and total dissolved (right) concentration of Ca, Al, Mg and Fe (top) and P and Mn (bottom) normalized relative to the Na concentration as a function of time of 

exposure to the artificial solar radiation (min) 

 

However, there are some co-variations between all total-

measurements and between all the total-dissolved measurements. 

For instance, there is a “peak” for all the total concentrations after 

2.5 minutes irradiation. The samples were measured twice and the 

percent error between the two averages was determined to be 

between 1.1% for the Tot Ca, and 35.5% for Total dissolved P. Thus, 

the precision of the measurements are not acceptable, particularly 

for the lowest concentrations. Still this cannot be the only cause for 

the large fluctuations. Moreover, the consistency between 

measurements of the control solutions, within the individual sample 

runs on the ICP, were good with a relative standard deviation less 

than 6% (Table 1). The stability of the measurement was therefore 

very good. This implies that the fluctuations in the data may be 

caused by variation in the calibration and setting of the instrument.   

It is reasonable to assume that there is no association between 

DNOM and sodium, which should thus by no means be influenced  

 

 

 

by the artificial sunlight exposure. The data were therefore 

normalized relative to the concentration of sodium in order to 

correct for the apparent random error between the samples. The total 

concentrations are related to the total sodium concentration, which is 

arbitrarily chosen as 1, while the total dissolved concentrations are 

related to the total dissolved sodium concentration (Fig. 9). With 

this correction some of the fluctuations in total concentrations are 

lost, such as for the Tot Al, Tot Mg or Tot Mn concentrations.  

Nevertheless, the data do not provide any cause to state that 

there has been any modification in the total or dissolved fractions of 

these elements during the photo-exposure. The average value was 

therefore merely used as the best approximation of the total 

concentration. 
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Table 1. Different concentrations (μg.L-1), average, standard deviation, relative standard 

deviation (RSD), and accuracy measured for the same control solution ([a] 2000 μg.L-1, 

[b] 500 μg.L-1, [c] 20 μg.L-1) during the same run for Al, Ca, Fe, Mg, Na, Mn and P. 

 Na[a] Mg[b] Ca[b] Al[b] Fe[b] Mn[c] P[c] 

Value 1 2040 491 533 495 467 24.1 22.8 

Value 2 2200 490 569 477 472 22.4 23.9 

Value3 2100 470 548 486 483 21.9 25.4 

Average 2113 484 550 486 474 22.8 24.0 

Standard 

Deviation 

80.8 11.8 18.1 9.0 8.2 1.6 1.3 

 RSD (%) 3.82 2.45 3.29 1.85 1.73 5.06 5.43 

Accuracy 

(%) 

5.6 2.6 10 2.8 5.2 14 20 

 

Comparison of results from the ICP-MS and the molybdate blue 

method 

 

The Tot-P concentrations in the samples were determined using both 

the MBM and by means of the ICP-MS, generating very different 

results. The average concentrations measured with the ICP-MS for 

the Tot-P was 20.5 μg.L-1, while with the MBM it was only 6.9 

μg.L-1. Similarly, the TDP concentration calculated by ICP-MS, was 

6.7 μg.L-1, which was higher than the 4.0 μg.L-1 measured using the 

MBM. This implicates an underestimation of the Tot-P and TDP 

concentrations using the MBM. However, this underestimation is 

relatively higher for the Tot-P than for the TDP concentration. This 

difference has no explanation, and shows the need to look further in 

the analytical method employed in the chemical characterization. 

 

Finally, this entire analysis indicates that the photo-exposure leads 

to the PO4-P leaching. Moreover there is no significant decrease in 

the dissolved Al and Fe concentrations. It means that these cations 

do not precipitate with the PO4-P which stays free and bioavailable.  

Conclusion 

Based on the photometric measurements on the experiment samples 

the DNOM appears to be degraded into smaller, more soluble and 

more acidic molecules when exposed to solar radiation. Thus, the 

DNOM is inferred to become more biodegradable due to exposure 

to solar radiation. The results provided by the phosphorous analysis 

show a clear release of orthophosphate. None of the mineralized P 

was found to be precipitated by liable precipitating metals (mainly 

Al and Fe) as there were no apparent decreases in their dissolved 

fractions. The amount of bioavailable phosphorus seems thus to 

increase due to photo-exposure. 

 

An important result is that the process is extremely rapid. 

Francko and Heath (1979) have already reported that the 

orthophosphate release by DNOM should happen after less than one 

hour of UV irradiation. However, in this study, the most significant 

changes happen during the first minutes or even the first seconds of 

exposure, and then everything seems almost stabilized after 20 

minutes. So, for the future studies, it could be interesting to focus on 

those 20 first minutes in order to determine more properly what 

happen in the beginning of the process. The role of microbial 

activity should also be studied. Though, as the photo-chemical 

process is very fast at the beginning, the biological degradation is 

certainly negligible in this time scale. Köhler et al., (2002) have 

found that the most pronounced change is induced photo-chemically 

on the time scale of days. 

Experimental Section 

Sampling 

A very humic water sample was collected from a headwater stream located 

in the forested catchment Dalen, near the city of Moss, in south-eastern 

Norway, on March 2nd, 2012. The 25 L sample was stored in the dark at low 

temperature (4°C) in a plastic tank. 

 

Photo-exposure experiment 

Quartz bottles of 110 mL were filled up with water sample, capped and 

placed upside down in a water tank, in which tap water was continuously 

supplied in order to keep the temperature constant. The tank was placed into 

a Q-SUN Xe-1 Xenon Test Chamber from Q-lab. The irradiation was 

delivered by an air-cooled, full-spectrum, 1800W xenon arc lamp. In order to 

match the solar irradiation at sea level a relative intensity for the solar 

spectrum was chosen equivalent to 0.4 W.m-2 at 340 nm. The temperature 

was controlled with a black panel sensor. 

In each experiment six bottles were exposed for 0, 0.5, 1, 2.5, 5, 10, 20, 30, 

45 and 60 minutes of irradiation. In addition a blank, which consisted of 

Milli-Q water, was exposed for 60 minutes. 

 

Samples preparation 

For each exposure time, four bottles were filtrated using a 0.45 μm 

membrane filter paper from Millipore (HAWP 047 00), then an aliquot of 25 

mL was taken out for measurements of absorbency, fluorescence and DOC 

concentration. 20 mL was sub-sampled from the remaining two bottles in 

order to measure pH and conductivity. The remaining solution from the six 

bottles was preserved by acidifying the samples with 0.04M H2SO4.  

The filtrated samples were used for analysis of dissolved component while 

the non-filtrated samples were used for the total component analysis. 

Two filtrated bottles and two non-filtrated bottles were digested. The 

digestion was performed in an autoclave at 121°C for a duration of 30 

minutes using 0.1 g peroxodisulfate K2O8S2 (Fluka 60490) in 10 mL pre-

acidified samples. The two remaining filtrated bottles were used for the free 

orthophosphate determination. 

 

Water characterization 

Conductivity was acquired using a Mettler-Toledo AG FiveGo meter with a 

Mettler-Toledo LE703 electrode, and then pH was measured with an Orion 

Research Expandable ionAnalyzer EA 920 with a combined Ross electrode. 

Conductivity and pH remained relatively constant throughout the duration of 

the exposure (48.6 ± 1,3 μS.cm-1 and 4.8 ± 0,08, respectively). 

 

Structural characterization 

Absorption spectra from 190 to 1100 nm were measured using an Agilent 

8453 spectrophotometer with a 10 mm quartz cuvette. The light source for 

the 190-800 nm range was a deuterium lamp while a tungsten lamp was used 

for the 370-1100 nm range. Milli-Q water was used as a blank.  
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Fluorescence spectra were measured with a Biotek Synergy Mx 

Monochromator-Based Multi-Mode Microplate Reader and the Biotek Gen5 

Microplate Data Collection & Analysis Software v1.10. A 96 well-places 

plate was used. Each well was filled up with 250 μL of sample and each 

sample had 8 replicates. The fluorescence emission spectra were recorded 

between λex+25 nm and 600 nm for different excitation wavelengths λex (225, 

250, 275, 300, 325, 350, 375, 400, 425 and 450 nm). Synchronous scan 

spectra were acquired in the excitation wavelength range of 280-600 nm, 

with a constant wavelength interval of 20 nm between excitation and 

emission. 

 

Dissolved Organic Carbon analysis 

Dissolved Organic Carbon (DOC) was analysed by measuring the evolved 

CO2 with an IR detector after a high temperature catalytic combustion of 

DOC using a Shimadzu TOC-5000A total organic carbon analyser in 

agreement with ISO 8245 (ISO 8245, 1999). The inorganic carbon was 

removed prior to analysis by purging the sample with high purity CO2 free 

air after acidifying the sample with 1% (v/v) HCl. 

DOC concentration remained relatively constant throughout the time of the 

exposure (15.9 mg.L-1 and the relative standard deviation was 1.6%). 

 

Phosphorus analysis 

The concentration of phosphorus was determined using the molybdate blue 

method according to the International Standards method for determination of 

phosphorus (ISO 6878, 2004). In this method, the sample is mixed with 

ammonium molybdate, which leads to the formation of phosphomolybdenum 

acid PMo12O40
3−. This yellow coloured product is reduced by ascorbic acid, 

in the presence of antimony, to form a blue complex: PMoVI
12O40

3− + 4e- ⇌ 

PMoV
4MoVI

8O40
7−. The colour develops rapidly and is stable for a long period. 

The absorbance at 880 nm is proportional to the amount of phosphate present 

and was aqcuired using the Agilent 8453 spectrophotometer coupled with the 

Agilent Chemstation software using a 20 mL cylindrical cuvette cell with a 

path-length of 80 mm.Standard multiple additions method was applied in 

order to correct for matrix interference: 35 mL of the samples were pipetted 

into four volumetric flasks, then 5 mL of different phosphorus standards 

(blank, 50, 100 and 200 μg.L-1) were added. The standards were prepared by 

using potassium dihydrogenphosphate KH2PO4 solutions and acidified 

(0.04M H2SO4). Finally, after the addition of the molybdate blue method 

reagents, each flask was diluted to 50 mL. The samples contain humic 

matters and other components which can absorb light at this wavelength and 

so modify the baseline, thus the previous results needed a correction which 

was performed by measuring the absorbance of the solution with the same 

reagents as before except the ammonium heptamolybdate-tetrahydrate, 

which creates the blue color. 

The limit of detection was determined to 1.3 μgP.L-1. 

 

Ion analysis 

The concentrations of total and dissolved iron, aluminium, manganese, 

magnesium, calcium, sodium and phosphorus were carried out by 

inductively coupled plasma mass spectroscopy (ICP-MS) using a Perkin 

Elmer ICP Mass Spectrometer NexION™ 300x with standard and kinetic 

energy discrimination mode. The standards were prepared by using a multi 

component (Al, Fe, Mn, P, Ca, etc.) solution at 50 μg.L-1 (SPECTRASCAN 

SS-8316). Each standard contained 0.04M of H2SO4. 

 

Results analysis 

When different replicates had been measured, aberrant values were retained 

or rejected based on an investigation to ascertain the reason for the outlier, 

according to the Grubbs’ test for outliers (Grubbs, 1969). 
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