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Abstract

The concentration of nitrate, nitrite, carbonatieatbonate, and the amount of dissolved organic
matter were measured in the surface layer of a pumiblakes in Romania. These data allowed the
modelling of the steady-state concentration of liidroxyl radical and of nitrogen dioxide under
standardised irradiation conditions. The hydrosglical is involved in the oxidative degradation of
biologically refractory pollutants in surface waemwhile nitrogen dioxide has the potential to
induce aromatic nitration with generation of tomied genotoxic nitroaromatic compounds. It was
found that the surface water of Lake Techirghiotated near the Black Sea, has a potentially very
elevated photochemical reactivity because of tgh bhoncentration of nitrate and nitrite.

I ntroduction

Photochemical reactions are important removal payiswor biologically refractory compounds in
surface waters. They include the direct photolg$isunlight-absorbing molecules and a number of
indirect photochemical processes induced by thetezkdriplet states *pOM*) of Dissolved
Organic Matter (DOM), and by other reactive trantesuch a30H, CQ~", '0,, ‘NO, and C} .}
Some radical species, and most notably;C@nd*NO, can be produced as a consequence of the
interaction betweefiOH and inorganic anions such as carbonate, bicatbaand nitrité. In the
case of NO,, the direct photolysis of nitrate is also an addil source to the photo-oxidation of
nitrite by OH 34

NOs + v + H - "OH + 'NO ®, =0.01 (@D

NO, + ‘OH - ‘NO, + OH ko = 1.0x 10°L mol™s™ 2)



The radical’OH is the most reactive species in surface watedscan be a significant sink for
compounds that are refractory to the other degi@uagirocesses, including the photochemical
ones’ The role of OH in the more general degradation processes facguwaters is limited by its
high reactivity, because it is consumed by majotewaomponents such as DOM. This fact limits
the steady-state concentratio®H] to quite low levels, but the hydroxyl radicarcstill be an
important environmental factor when an elevatedegaion rate is coupled to a moderate or low
consumption by DOM or other specfes.

In the case ofNO,, the formation in reactions 1, 2 is accompaniedhs consumption upon
hydrolysis in aqueous solutibit* (reactions 3, 4):

2°'NO; == N,Oq4 ks=4.510FLmol™ts?  k3=6.%10°s" (3)

N,Os + HHO - NOs + NO, + 2H ks = 1x10°s ™ (4)

The radicalNO, can also be involved in the transformation of dasgxidise compound$put the
"NO.-induced nitration of phenolic species to yielditoand potentially genotoxic nitrophenols is
much more important from an environmental pointiefv.>°

Considering the above-mentioned processes,it has Ipessible to model the steady-state
concentration of botiOH and "NO, under definite irradiation conditions, namely 22 W?
sunlight UV irradiance that can be found on 15 Jtly15°N latitude at 9 a.m. or 15 p.m. solar
time!* Under these conditions the steady-state valug$@ifi] and [NO,] in the surface water
layer would b&*3

[ OH] = 1.70107" [NO;]+2.6[10° [NO, ] +5.70** NPOC

8.5[10° [HCO;]+3.910% [COZ ] +1.0110"° [NO,]+5.0010° NPOC

['NO,] =4/2.0010° [{10° [T OH](NO;] +1.7107 [NO;]) (6)

In the case ofOH it was taken into account that it is producedrbgdiation of nitrate, nitrite
and DOM (quantified as NPOC, Non-Purgeable Org&icbon, in mg C I¥) and consumed by
bicarbonate, carbonate, nitrite and D&M,

It is thus possible to assess the steady-st@td][and [NO,] in the surface water layer from the
values of nitrate, nitrite, carbonate, bicarbonarey NPOC as a measure of DOM. In this paper
such an approach was applied to a number of Romdekas with the purpose of making a survey
of the expected photochemical reactivity of lakdexaTlo our knowledge, this is the first time that
the photochemistry of lake water has been congidene Romania. The purpose was the
identification of photochemically interesting ece®ms to be subjected to further study.

(5)




Results and discussion

Water was sampled from the lake surface layer tladocation of the sampling sites is reported in
Figure 1. Table 1 reports the analytical data ef ldkes under study, and in particular the values
relative to the components of photochemical sigarice (nitrite, nitrate, DOM, carbonate,
bicarbonate). From these values it is possibleevd the steady-statéQH] and [NO,] from
equations (5) and (6), respectively. These valuesabo reported in Table 1. As far a®H] is
concerned, it can be seen that many values ateeia@*® M range. This is due to the fact that the
model foresees PH] = 10° M if DOM is both the main source and the main sifithe hydroxyl
radicals.
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Figure 1. Map of the sampling sites.

This fact can be seen graphically upon adoptionao$implified model, in which 'QH] is
approximately expressed as a function of only ta@t(@dopting a reasonable correlation between
[NO3z] and [NQ;]), NPOC, and IC [mg C ] = 12000 ([HCOQs] + [HCO37] + [COs*]): 2

310107 [INO;] +5.7[10 2 INPOC

['OH]= -
(IC) + 5010* INPOG+ 520" [[NO;]
— IC 6 ~pH
H00) = 000807 1157 85010° 0™ +0.025) (7)

pH = 1.95[(&—10‘0-0751'C)+ 6.32




Table 1. Concentration values of the photoactive componantie lake water samples under study. The stetatg- concentrationSQH] and
['NO,] have been calculated with equations (5) andré&pectively. They are valid for 22 W frsunlight irradiance in the UV (e.g. 15
July at 45°N latitude, at 9 a.m. or 15 p.m.). la tase of Rotbav and Trei lazuri lll the concemirabf carbonate was negligible because

of the low pH values (6.74 and 6.37, respectively).

Lake r?ritri(s;j) [NO2 ], uM | [NOs],uM | Aggs, cm™ mNng f’_l [COs*],mM | [HCOs],mM | [‘OH], M ['NO,], M
Dumbrava | 01 Jul 07 0.98 14.5 0.24 24 1.19 2.63 | 9.7x10Y 8.2x10*!
Dumbrava | 08 Jul 07 0.64 7.9 0.24 24 0.69 3.63 | 1.0x101° 6.3x10°
Dumbrava | 15 Jul 07 1.02 11.4 0.22 22 0.44 3.88 | 1.2x10 7.8<10H
Venetia 01 Jul 07 0.70 1.8 0.23 23 1.19 7.13 | 8.9x10Y 4.3x10
Venetia 06 Jul 07 0.84 6.7 0.19 19 0.81 8.63 | 9.7x10 6.2<10
Venetia 08 Jul 07 0.59 11.0 0.18 18 0.95 7.88 | 8.9x10Y 6.9<10
Venetia 26 SepOF  0.69 6.2 0.15 15 0.94 11.1 8.6x10°%' 5710
Ciric 06 Jul 07 0.44 9.4 0.12 12 0.56 8.38 9.2x10° Y 6.3x10°
Ciric 08 Jul 07 0.32 18.9 0.19 19 0.69 8.88 9.3x10° Y’ 8.3x10™**
Ciric 26 Sep 07  1.15 6.7 0.16 16 0.23 11.6 1.2x10°%° 7.1x10
Dorobanti 01 Jul 07 0.75 1.3 0.24 24 0.94 8.63 | 9.5x10% 4.3x10
Dorobanti 26 Sep0Of  3.20 23.6 0.23 23 0.81 13.6 1.4x10°1° 1.3x10°*°
Rediu 12 Jul 07 1.30 1.6 0.24 24 0.64 7.21 1.1x10°*° 5.8<10*!
Schitul Duca| 26 Sep07  7.53 0.6 0.21 21 0.63 2.63 2.2x10°*° 1.8x107%°
Rotbav 10 Aug 07  0.97 3.1 0.10 10 <DL 1.64 1.6x107%° 6.4x10°
Techirghiol | 10 Aug 07  17.8 984 0.05 5 0.69 6.63 9.0x10°*° 8.0x10™°
Bicaz-Hangu 06 Oct 07|  0.52 41.4 0.05 5 0.06 2.88 1.6x10°1° 1.2x107%°
g‘r‘fg‘tfn 06 Oct 07|  0.34 30.9 0.02 2 0.06 1.88 1.8x10°° 1.1x107%°
Lacul-Rosu | 06 Oct07  1.21 317 0.02 2 0.07 2.95 3.0x10"° | 1.3x107"°
Batca- 07 Oct07|  0.66 25.5 0.02 2 0.07 1.85 2.2x10718 1.1x107°
Doamne
Treilazuri Il | 07 Oct 07 0.50 1.0 0.06 6 <DL 3.65 1.4x1071° 4,210




Figure 2 reports the trend ofJH], according to equation (7) and as a functiomitfate and
NPOC, for IC = 100 mg C T that is a representative condition for the lakemafia, Ciric,
Dorobanti and Rediu. It is apparent from Figurehatt[OH] approaches I’ M at elevated
NPOC. It should be considered that, although thdehequations (5) and (7) reproduce an average
behaviour of DOM;*? the features of DOM itself can vary at a significextent in different water
bodies. An index of the nature of light-absorbinQNd is given by EB/Es, namely the ratio between
the absorbance values at 250 and 365 nm.

[OH], 107°M

1e-005

4e-008
Mitrate, M

Figure 2. Trend of the steady-statéJH] as a function of nitrate and NPOC, for IC = 18§ C
L™, under 22 W rif sunlight UV irradiance.

E./E; is inversely proportional to the size and the degyf aromaticity of the DOM molecules, and
for instance it would be lower than 3.5 for humiwla> 3.5 for fulvic acids® Figure 3 reports the
trend of Asonm VS. Asssnm fOr the lake water samples under study. Thereeiy veasonable
correlation (f = 0.91), suggesting that the distribution of th#EEvalues is not very wide as shown
in the Figure inset. This could imply that the ahility of DOM is not excessive in the samples,
which justifies the use of the model equationsaf] (7).

Interestingly, JOH] would reach relatively elevated values in tlemples from Lacul-Rosu
(around ¥107'° M) and lake Techirghiol (aroundx@0*® M). To have an idea of the meaning of
such values, Figure 4 reports the lifetime of sowster pollutants (in summer sunny days
equivalent to 15 July at 45°N latitude) as a fumctdf the steady-statéQH] under 22 W rif
sunlight UV irradiance (for the rationale of thippeoach seé?). The [OH] levels expected for
representative lake water samples are also repiltedakes are identified as numbers as of Figure
1).
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Figure 3. Trend of the values of AonmVs. Asssnmfor the studied lake water samples. The solid line
represents the regression line, the dashed cumeesotresponding 95% confidence limits.
Note the good correlation?(r 0.91). The inset shows the distribution ploEgfE; for the
samples. Note that around 60% of the data is irclud the interval of 5 to 7.
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Figure 4. Half-life time (in summer sunny days equivalentlto July at 45°N) as a function of the
steady-state"DH] under 22 W rif sunlight UV irradiance, for carbamazepine, diuron
and tetrachloroethylene (TCE). The second-order cahstants for the reaction of these
compounds withOH are 1.610%, 5x10°, and 2.610° M™* s, respectively’® The
steady-state’DH] calculated for some lake water samples is edported (the numbers
referring to the lakes are the same as in Figure 1)



The lifetime is referred to the water surface laged it would vary from about 80 days for
tetrachloroethylene (TCE) in lake Dumbrava to alimé day and a half for carbamazepine in lake
Techirghiol. The latter seems to be characterisg@irb elevated photochemical reactivity, most
likely caused by the very elevated concentratiorbath nitrate and nitrite. Such a water system
deserves further studies as far as photochemistopmcerned. Interestingly, Lake Techirghiol is
also characterised by an elevated salinity. This dauld be important for photochemical processes
because the interaction between Fe(lll) oxides @hdjields the reactive radical species Gl a
powerful monoelectronic oxidafit.

Lake Techirghiol is also interesting because tHeuta@ed [NO,] is much higher compared to
the other lakes. This fact points to a significaatential to induce aromatic photonitration
processes. When considering the nitration rea¢8pof phenol byNO, in the aqueous solutidh,
one finds that the time required to transform®1d phenol into 10° M of 2- and 4-nitrophenol is
(in seconds of irradiation under 22 Wasunlight UV): = 3.1x107° ['NO,] .

OH

. k = 32x103
+'NoO, —— 7~

(8)
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Figure 5. Time (in summer sunny days equivalent to 15 Ju#BaN) required to transform TOM
phenol into 10° M of 2- and 4-nitrophenol, as a function of theasty-state’NO,] under
22 W m? sunlight UV. The INO,] values calculated for some lake water samples are
also reported (see Figure 1 for the correspondeetveeen lakes and numbers).



Moreover, considering that the UV energy emittedhe whole sunny day of 15 July at 45°N is
equivalent to 10 h irradiation at 22 WUV, the corresponding nitration time in summerrsun
day equivalents (SSD) isaftso = 8.6x10 *° ['NO,] ™. Figure 5 reports )ssp as a function of the
steady-state ‘NO,] under 22 W nt sunlight UV. In the photoactive surface layer ake
Terchighiol the described photonitration reactioould take place in less than 2 days, therefore
pointing to a considerable potential for aromahotenitration processes.

Conclusions

From the analytical data of nitrite, nitrate, NPO€&rbonate and bicarbonate of a series of
Romanian lakes it was possible to carry out ansassent of the expected photochemical reactivity
of the surface water layers. The sample from La&ehirghiol appeared very different from the
others because of a peculiarly elevafé@H] and [NO;]. The water chemical composition suggests
that the photochemistry of this lake would be daated by nitrate and nitrite a®H and’NO,
sources. In such an environment both tH-induced transformation of organic molecules
(including pollutants) and aromatic photonitratigmocesses yielding toxic nitrated compounds are
expected to play an important role. It is cleart thdditional studies would be required to better
characterise such a water system, and to see atextent the generation of harmful species and
their expected fast degradation would compensatesch other.
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Experimental

Lake water was sampled from the surface layer bgpnmeof a Teflon bottle, and transported
refrigerated to the laboratory where it was vacdiltered on cellulose acetate filters (0.4& pore
diameter) before any other processing. Filtratioaswmnotivated by the sake of biological
stabilisation and to avoid damage to the analytagglaratus. Some samples were transported to
Italy under refrigeration and promptly analysed mpelivery.

Carbonate and bicarbonate were determined by poteetric titration with a Meter Lab ION
450 (lon analyser, Radiometer analytical) and a PH01-9 type glass electrode. Most of the
analysed samples were characterised by pH valumgedh3, which suggest the presence of both
carbonate and bicarbonate species in the investigatstems. For each run a 100 mL sample of the
natural water under investigation was titrated With N HCI to the second end point of the titration
curve. The estimation of the carbonate-bicarborsgsgem was performed on the basis of the
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equivalent volume for the first and second titnat&tage. Based on triplicate measurements, the
equivalent volumes were characterised by a dispersf Ve £0.144 mL and ¥, £0.144 mL (z
standard deviation of triplicate measurements).

Nitrate was determined by three-wavelength photometeasuring the absorbance of the lake
water over a 1 cm path length at the wavelengttsl6f 220 and 230 nm. The molar concentration
of nitrate was then determined as: [INIO= (Azi0nm — 1.60 Aoonm + 0.26 As0nm)/2396° This
approach has been proved suitable for the detetimmaf nitrate in lake water from the Piedmont
region®® The three-wavelength photometry accounts for thesipte spectral interference by
dissolved organic matter (DOM), and the resultsaimietd for NQ were comparable with the
guantification of nitrate by ion chromatographyr Foe analysis it was used a CINTRA 10e UV-
Vis spectrophotometer, and for an appropriate spaeicording the samples were diluted three
times.

Nitrite was quantified by pre-column derivatisationth 2,4-dinitrophenylhydrazine in HCI,
followed by analysis in High Performance Liquid Gmatography with UV detection (HPLC-UV).
The reaction yields an azide that can be eluted @veverse-phase column and detected at 307 nm.
The instrument used during the investigation was Agilent High Performance Liquid
Chromatograph (Agilent 1100 Series) equipped wi1812 Bin HPLC pump, a UV-Vis (Agilent
G1365B MWD) spectrophotometer detector, and a Ryred725i injection valve with a loop
volume of 20 pL. An Agilent ZORBAX SB-C18 reverskgse column (150 mm % 4.60 mm i.d., 5
pm particle size) was used for the analysis. Thredstrd deviation of repeated runs was around 1-
2%, and the DL was about 5 mg NCOL™’. Elution was carried out with a 50:50 mixture of
acetonitrile: phosphate buffer (pH 3) at 1.0 mL Thiflow rate, with detection at 307 nm. Under
these conditions the retention time of the azide w87 min, and the column dead time was 1.31
min.

The analysis of NPOC was carried out on some samwpté a Hitachi TOC 5000 analyser, upon
sample acidification to pH 2 by HClGand 20 min sparge time with zero-grade air (SIAD,
Bergamo, Italy) to drive out the G@ormed from inorganic carbon. It followed the aysé of the
non-volatile organic carbon by catalytic combustand non-dispersive infra-red photometry. The
standard deviation of repeated runs was around ,1a2f%hthe DL was about 0.1 mg C'LIt was
found that the NPOC values of the samples corlatsl with their absorbance at 285 nm, over a
path length of 1 cm (&s). The ratio between As and NPOC depends on the nature of the D®M,
and for the samples under study it was found thgt gm™] = 0.01 NPOC [mg C T}]. Such a
ratio is comparable with that previously measurethke water from Piedmont,and was used for
an assessment of the DOM content in the samples.
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