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Abstract 20 

 21 

As a novel approach to characterize the phenolic pollutants of Lake Balaton (western 22 

Hungary) pollutants, 26 endocrine disrupting phenols (chlorophenols, nitrophenols, 23 

alkylphenols, triclosan, bisphenol-A) were quantified in dissolved and suspended particulate 24 
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matter (SPM) phases, alike. Sample collection was performed  in the western and eastern 25 

basins, at twenty sites in April and October 2014. 26 

Solid-phase and ultrasound-assisted extractions to withdraw target phenols from dissolved 27 

and suspended phases were employed. Compounds were derivatized with 28 

hexamethyldisilazane and trifluoroacetic acid for their quantification as trimethylsilyl 29 

derivatives by gas chromatography-tandem mass spectrometry. In Lake Balaton's dissolved 30 

phase 2-chlorophenol (103-164 ng/L), 4-chlorophenol (407-888 ng/L), 2,4-dichlorophenol 31 

(20.2-72.0 ng/L), 2,4,6-trichlorophenol (10.4-38.1 ng/L), 2-nitrophenol (31.0-66.5 ng/L), 4-32 

nitrophenol (31.5-94.1 ng/L) and bisphenol-A (20.6-112 ng/L), while in its SPM 4-33 

chlorophenol (<LOQ-1274 µg/kg, dry matter), 4-nitrophenol (423-714 µg/kg), 4-nonylphenol 34 

isomers (1500-2910 µg/kg) and bisphenol-A (250-587 µg/kg) were determined. Since 35 

phenolics appear partially or exclusively in the SPM the analysis of both phases proved to be 36 

of primary importance. 37 

 Keywords: phenolics; Lake Balaton; dissolved/suspended pollutants; GC-MS-MS  38 

 39 

1. Introduction 40 

 41 

 One of the most important global environmental issues of our day is the ubiquitous 42 

presence of toxic organic compounds in the aquatic environment. Among the pollutants of 43 

particular concern are phenolic substances due to their potential endocrine disrupting 44 

properties in organisms like certain invertebrates (Prasain et al., 2012) and mammals (Wu et 45 

al., 2011), possibly even at low concentration levels (Rochester, 2013). By interfering with 46 

the human hormone system (Takayanagi et al., 2006), they can cause adverse health effects 47 

such as infertility (Chen et al., 2013) and birth defects (Philippat et al., 2012). The toxicity of 48 
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these substances to some freshwater algae (Aruoja et al., 2011) and fish (Holcombe et al., 49 

1984) has also been reported. 50 

 Phenolic compounds are used extensively in various application areas around the 51 

globe. Cresols, chlorophenols and nitrophenols are important intermediates in the production 52 

of pesticides, preservatives and dyes (Pera-Titus et al., 2004; Harrison et al., 2005; Sanders et 53 

al., 2009). Long-chain alkylphenols (such as nonylphenol isomers) are employed in the 54 

synthesis route of alkylphenol ethoxylates, applied as industrial detergents (Cespedes et al., 55 

2008). Triclosan is an important additive of many consumer products due to its antimicrobial 56 

properties (Ren et al., 2014), while bisphenol-A is an essential substance in the manufacturing 57 

of several resins and polymers (Asimakopoulos et al., 2012).  58 

 Surface waters can be exposed to anthropogenic phenolic substances either directly 59 

through municipal and industrial wastewater effluents (Zhong et al., 2012), agricultural runoff 60 

water discharges (Zgoła-Grześkowiak et al., 2009) and precipitation (Schummer et al., 2009) 61 

or indirectly through the biodegradation of certain detergents, pesticides, dyes and 62 

pharmaceutical drugs (Li et al., 2013). Due to the relatively high hydrophobicity (usually 63 

expressed with the octanol-water partitioning coefficient, Kow) of several phenolic 64 

compounds, such as 4-nonylphenol (log Kow = 4.48), 4-octylphenol (4.12) and 65 

pentachlorophenol (5.01), a part of the total phenolic content of surface waters is expected to 66 

be retained by the SPM and sediment (Patrolecco et al., 2006; Petrovic et al., 2002). 67 

 Due to their toxicity and widespread presence in the aquatic environment, several 68 

phenols have been designated as priority pollutants by the EPA (USA CFR 40/423, Appendix 69 

A) and the European Union. Since the current version of the European Water Framework 70 

Directive (EWFD 2013/39/EU) defines environmental quality standards (EQSs) for the water 71 

sample as a whole, methods applied for surface water measurements shall include the analysis 72 
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of both the dissolved and - during some analytical procedures often discarded - suspended 73 

phases. 74 

 The presence of phenolic compounds in inland surface waters is relatively well 75 

documented, although most of the research undertaken in the field so far corresponds to the 76 

analysis of the dissolved phases of rivers. Various quantity of phenols have been detected 77 

generally within the 0.6 ng/L-29 μg/L concentration range in the Danube (on average 5-30 78 

ng/L, Loos et al., 2010; 1.6-155 ng/L, Faludi et al., 2015) and Tisza rivers (20 ng/L-22 μg/L, 79 

Kovács et al., 2011), in Hungary, in several Chinese rivers (10 ng/L-29 μg/L, Gao et al., 2008; 80 

on average 24-362 ng/L, Wang et al., 2009) and in certain lakes in Finland (30-110 ng/L, 81 

Paasivirta et al., 1985) and in China (on average 0.6-464 ng/L, Zhong et al., 2010). Nonyl- 82 

and octylphenols have been identified within the 0.5-1000 ng/L concentration range (whole 83 

water) in the dissolved and suspended phases of the rivers Tiber, in Italy (130-580 ng/L, 84 

Patrolecco et al., 2006), Ter, in Spain (100-390 ng/L, Cespedes et al., 2008), Elbe, in 85 

Germany (0.9-52 ng/L, Heemken et al., 2001), Daliao, in China (0.5-777 ng/L, Li et al., 86 

2013), Loudias, in Greece (13-277 ng/L in the dissolved phase, 0.05-2 μg/g in the SPM, 87 

Arditsoglou and Voutsa, 2008) and two rivers flowing into Tokyo Bay (10-1000 ng/L in the 88 

dissolved phase, on average 0.33-3.5 μg/g in the SPM, Isobe et al., 2001).  89 

 Lake Balaton (a rift lake situated in western Hungary) with its approximately 600 km
2
 90 

water surface is the largest lake of Central Europe. With an average depth of 3.4 meters, it is 91 

considered a shallow lake, and as a result turbulence initiated by the northwestern winds 92 

prevalent in the area can facilitate the thorough mixing of its water layers and the rapid 93 

resuspension of its sediment. Another consequence of its shallowness (and moderate 94 

continental climate) is that the water temperature of the lake on calm summer days can rise to 95 

as high as 29-30 °C. The size of Lake Balaton's catchment area is 5200 km
2
, which is drained 96 

predominantly by River Zala flowing into the lake at its southwestern end, while several 97 
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considerably smaller streams make up the rest of the lake's inflow. The only outflow is the Sió 98 

canal situated at the southern bank of the eastern basin. Among factors which possibly 99 

influence Lake Balaton's ecosystem are various agricultural, industrial, and municipal 100 

activities in the surroundings of the lake. Recreational use (especially during summer) might 101 

cause additional environmental stress (Nguyen et al., 2005a; Nguyen et al., 2005b).  102 

 Efforts have been made over the past few decades towards the assessment of water 103 

quality in and around the lake, primarily focusing on inorganic pollutants. Researchers have 104 

carried out the speciation of elements in sediment (Hlavay and Polyák, 1998; Weisz et al., 105 

2000; Nguyen et al., 2005a) and measured the distribution of heavy metals between water 106 

phases (Nguyen et al., 2005b). In contrast, only limited data is available regarding the organic 107 

pollutants of the lake: PAHs in sediment (Kiss et al., 1997) and selected pesticides in water 108 

(Maloschik et al., 2007) have been quantified, but several important toxic contaminant 109 

classes, such as phenols, haven't been investigated yet have yet to be investigated. 110 

          As the available data on Balaton Lake’s phenolic pollutants is still, for the being were 111 

not available, we assume  that  further data of these compounds in this freshwater 112 

environment might help to identify possible pollution sources and processes typical of inland 113 

surface waters and assist legislators in the improvement of environmental quality standards. 114 

 Our goal was to determine the distribution of 26 different phenolic compounds 115 

between the dissolved and suspended phases of Lake Balaton water samples by gas 116 

chromatography-tandem mass spectrometry, based on our previous experiences both in this 117 

field (Faludi et al., 2013, 2015) and also in others (Sebők et al,. 2008, 2009; Andrási et al., 118 

2011a, 2011b, 2013).    119 

 120 

2. Materials and methods 121 

2.1. Materials 122 
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 All reagents were of analytical grade. Pyridine, sodium hydroxide, and concentrated 123 

hydrochloric acid were purchased from Reanal (Budapest, Hungary). Hexane, methanol, ethyl 124 

acetate, hexamethyldisilazane (HMDS), trifluoroacetic acid (TFA), and reference 125 

chlorophenols (CPs) like 2-chlorophenol (2-CP), 3-chlorophenol (3-CP), 4-chlorophenol (4-126 

CP), 3,5-dichlorophenol (3,5-diCP), 2,5-dichlorophenol (2,5-diCP), 2,6-dichlorophenol (2,6-127 

diCP), 2,4-dichlorophenol (2,4-diCP), 2,3-dichlorophenol (2,3-diCP), 3,4-dichlorophenol 128 

(3,4-diCP), 2,4,6-trichlorophenol (2,4,6-triCP), 2,4,5-trichlorophenol (2,4,5-triCP), 2,3,4-129 

trichlorophenol (2,3,4-triCP), 2,3,4,6-tetrachlorophenol (2,3,4,6-tetraCP) and 130 

pentachlorophenol (pentaCP), methylphenols (MPs) like 2-methylphenol (2-MP), 4-131 

methylphenol (4-MP) and 2,4-dimethylphenol (2,4-diMP), nitrophenols (NPs) like 2-132 

nitrophenol (2-NP), 4-nitrophenol (4-NP) and other phenolic substances like 4-chloro-3-133 

methylphenol (4-Cl-3-MP), 4-chloro-3,5-dimethylphenol (4-Cl-3,5-diMP), 4-n-octylphenol 134 

(4-n-OP), 4-n-nonylphenol (4-n-nonP), 4-nonylphenol isomeric mixture (4-nonP mixture), 135 

triclosan (TCN) and bisphenol-A (BPA) were all acquired from Sigma-Aldrich (St. Louis, 136 

MO, USA). Solid-phase extraction (SPE) cartridges (Supel-Select HLB, 6 cm
3
) were also 137 

obtained from Sigma- Aldrich. Glass microfiber filters (GF/A 125 mm, , Cat No 1820-125) 138 

from Whatman (Maidstone, UK). Ultrasonic extractions were performed on the Bandelin 139 

Sonorex (RK 52 H) apparatus (Bandelin electronic, Berlin, Germany). 140 

 141 

2.2. Sample collection 142 

 143 

 In order to achieve the largest coverage area coverage possible while at the same time 144 

also limiting the number of samples taken to a reasonable level, a composite sampling method 145 

was chosen selected for this study. Composite sampling is a procedure during which carefully 146 

selected individual samples are physically mixed, and only the resulting composite sample 147 
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(representing the original samples) is analyzed, thereby reducing analysis costs while 148 

maintaining the integrity of the sampling process (Patil, 2006). This approach is especially 149 

advantageous in environmental monitoring studies where large spatial and/or temporal 150 

coverage is required (Jálová et al., 2013; Domínguez-Morueco et al., 2014). 151 

  The sampling sites of the individual samples of this survey were chosen to ensure that 152 

the resulting composite samples will provide the most accurate representation of Balaton 153 

water quality possible. In order to achieve this goal, littoral zones and open water areas near 154 

all important inflows (characterized with either by their considerable flow rate or their 155 

proximity to a known pollution source) were sampled.  156 

 Lake Balaton water and sediment samples were obtained by column and mud samplers 157 

at 5-5 5 sites in the open water and 5 sites in the littoral zone near to the frequented  important 158 

inflows of the western (Keszthely, Szigliget basin) and eastern (Siófok basin) basins of the 159 

lake Lake Balaton in early April and early October of 2014. Twenty sampling sites were 160 

selected altogether for this survey, 10 for each basin, as shown in Fig. 1. Two and a half L 161 

lake water from each sampling site was mixed to obtain a 25 L composite water sample for 162 

each basin.  163 

 164 

2.3. Sample preparation 165 

2.3.1. Solid-phase extraction (SPE) of the dissolved phase 166 

 167 

 Water samples were filtered through glass microfiber filters. The filtrates were 168 

acidified with concentrated hydrochloric acid to pH 3 before subjected to solid-phase 169 

extraction. SPE procedures were performed on the Visiprep DL Vacuum Manifold for 12 170 

samples (Cat No. 57044) acquired from Supelco (Bellefonte, PA, USA) with a flow rate of 4–171 

5 mL/min. SPE cartridges were conditioned with 5 mL hexane, 5 mL ethyl acetate, 10 mL 172 



8 
 

methanol and 10 mL distilled water prior to extraction. After the extraction procedure, 173 

cartridges were dried by vacuum. Elutions were carried out with a 4 mL solvent mixture 174 

(hexane/ethyl acetate/methanol, mixed in 1/1/2 v/v ratios). The 4 mL eluent was collected into 175 

a vial containing 250 μL methanol with sodium hydroxide (5 × 10
−3

 M). The eluent (further 176 

on: extract) was evaporated to dryness by means of a rotary evaporator {Büchi Rotavapor R-177 

200 and Büchi Vacuum pump V-700, both from Büchi (Flawil, Switzerland)} at 30–40 °C. 178 

Blank tests (reagent and SPE blanks) were carried out with each sample series. 179 

 180 

2.3.2. Ultrasonic extraction of suspended particulate matter 181 

 182 

 Glass microfiber filter papers (containing the SPM) were dried overnight at ambient 183 

temperature until constant weight, then the papers were cut into 5 × 5 mm pieces and were put 184 

in glass beakers (150 mL). Extractions were made with a solvent mixture of hexane/ethyl 185 

acetate/methanol, applying the same solvent ratios as used for the SPE process (1/1/2, v/v 186 

ratio). At first, 40 mL of solvent mixture (if necessary, more, in order to cover the paper pulp 187 

completely) was added to the glass beakers and sonicated in an ultrasonic bath for 20 min. 188 

This step was repeated two times with 20 mL (or more) solvent mixture. The supernatant 189 

extract portions were filtered through glass micro-fiber paper after each extraction step and 190 

then they were unified into a single stock solution. Aliquots (taken with analytical precision) 191 

from this unified extract were basified with 250 μL methanol containing sodium hydroxide (5 192 

× 10
−3

 M), and then evaporated to dryness with a rotary evaporator at 30–40 °C. Blank tests 193 

(reagents and glass filter paper blanks) were carried out with each sample series. 194 

 195 

2.3.3. Derivatization of standard solutions and sample extracts 196 

 197 
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 Reference compounds weighed with analytical precision were dissolved in methanol 198 

(20–25 mg/25mL) and these stock solutions were further diluted into standard solutions (10×, 199 

100×, 1000×). Aliquots from these standard solutions were basified with 250 μL methanol 200 

containing sodium hydroxide (5 × 10
−3

 M), and then evaporated to dryness. The residues of 201 

standard solutions and of sample extracts were derivatized at 70 °C for 30 min with a reaction 202 

mixture of 125 μL pyridine , 225 μL HMDS and 25 μL TFA. The solutions were diluted with 203 

HMDS (5×) before GC–MS analysis. The target compounds were quantified as their 204 

trimethylsilyl derivatives. 205 

 206 

2.4. GC-MS-MS analysis  207 

 208 

 All measurements were carried out with a Varian 240 GC–MS/MS system (Varian, 209 

Walnut Creek, CA, USA), equipped with a Varian CP-8400 autosampler, and with a septum-210 

equipped programmable temperature vaporizer (PTV) injector. The injection volume was 1µL 211 

in all cases. The column used was a product of SGE (Victoria, Australia; SGE forte BPX-5 212 

capillary: 30 m × 0.25 mm; df = 0.25 μm). Helium (99.9999% purity) was used as a carrier 213 

gas, with the column flow rate fixed at 1 mL/min. The temperature of the transfer line, ion 214 

trap and vacuum manifold was 300 °C, 210 °C and 80 °C, respectively.  215 

 The optimized temperature programs, different for the PTV injector (a) and for the 216 

column oven (b), were the following:  217 

 (a) injections were made at 50 °C, held at 50 °C for 0.5 min, then heated up to 250 °C 218 

(200 °C/min), with a 3 min hold at 250 °C,  219 

 (b) column temperature program started at 50 °C, held for 1 min, then heated up to 140 220 

°C by 10 °C/min, held for 2 min, then heated up to 210 °C by 20 °C/min, then up to 280 °C 221 

by 40 °C/min and held at 280 °C for 1 min (total program runtime: 18.25 min). 222 



10 
 

 The ion-trap mass spectrometer was operated in the multiple reaction monitoring 223 

(MRM) acquisition mode during measurements. The optimized parameters (including the 224 

selected precursor and product ions) for all target compounds and the method validation data 225 

can be found in our previous publication (Faludi et al., 2015).  226 

 227 

3. Results and discussion 228 

3.1. Spatial and seasonal changes in the concentrations of phenolic pollutants   229 

 230 

 Out of the 26 target compounds 8 were found in both basins of Lake Balaton in the 231 

dissolved and/or suspended phases regardless of sampling season: in total four chlorophenols 232 

(2-CP, 4-CP, 2,4-diCP, 2,4,6-triCP), two nitrophenols (2-NP, 4-NP), 4-nonylphenol isomers 233 

and bisphenol-A (Table 1). A comparison of the measured concentrations with available 234 

literature data on the phenolic pollutants of other inland surface waters can be found in Table 235 

2.  236 

 Among Lake Balaton's quantified phenolic pollutants, chlorophenols were the most 237 

abundant, as they were accounted for on average 82 % of the total phenolic concentration 238 

measured. The concentrations of detected monochlorophenols (528-1052 ng/L, in total) are 239 

significantly higher compared to literature data available on inland surface waters, for 240 

example on Taihu lake and the Pearl river in China (on average 6 ng/L, Zhong et al., 2010;  241 

on average 252 ng/L, Wang et al., 2009) and on the river Danube (186 ng/L, Faludi et al., 242 

2015), while the concentrations of 2,4-diCP (20-72 ng/L) and 2,4,6-triCP (10-38 ng/L) were 243 

comparable to what was measured during the above mentioned and other surveys summarized 244 

in Table 2. Of the two basins, the western proved to be more polluted with chlorophenols in 245 

both seasons (western: 862-1150 ng/L, eastern: 559-1050 ng/L, in total), although the 246 

concentration gap was small in autumn. The location of western basin sampling points WL3 247 
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and WO3 (Fig. 1) might explain this difference, as they are in close proximity to the inflow of 248 

river Zala, the biggest tributary of the lake.  Concentration levels of all detected chlorophenols 249 

were higher in the autumn than in the spring (1050-1150 ng/L compared to 559-862 ng/L, 250 

sum of detected chlorophenols). This seasonal increase might be attributed to two factors: 251 

factors. One possible factor is the intensification of agricultural activity on the catchment area 252 

of the lake in late spring and summer (as mono- and dichlorinated phenols are important 253 

degradation products of popular phenoxyacetic herbicides; Czaplicka, 2004). One other 254 

possible factor is and the higher amount of municipal wastewater generated by the temporary 255 

population increase of coastal towns during the summer holiday season (because the 256 

disinfection of wastewater and tap water by chlorination generates chlorinated phenols; Ge et 257 

al., 2008).  258 

 The concentrations of detected nitrophenols were fairly consistent from basin to basin 259 

(eastern: 68-129 ng/L, western: 66-171 ng/L, 2-NP and 4-NP total), and were somewhat 260 

higher compared to the levels detected in recent years in River Danube (1-61 ng/L, Loos et 261 

al., 2010; Faludi et al., 2015; Mei et al., 2015), but significantly lower than what was found in 262 

the polluted Taihu lake, in China (464 ng/L on average, Zhong et al., 2010). The measured 263 

decrease from spring to autumn (from 129-171 ng/L to 66-68 ng/L) might be explained with 264 

the acceleration of biodegradation processes in the summer. One possible source of 265 

nitrophenol pollution in the lake is rainwater: various nitrophenols (for example 4-266 

nitrophenol, 2,4-dinitrophenol) have been detected in rainwater samples in Denmark (in the 267 

range of 92 ng/L-12 µg/L, (Asman et al., 2005)),  in France (<LOD-140 ng/L, Schummer et 268 

al., 2009)  and in Germany (median values 0,2-1,0 µg/L, Schüssler and Nitschke, 2001). 269 

 4-nonylphenol isomers were only determined in the SPM, in concentrations lower than 270 

the environmental quality standard (EQS) established by the EU for inland surface waters (an 271 

annual average of 300 ng/L for the sum of the dissolved and suspended phases, EWFD 272 
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2013/39/EU). Environmental levels expressed in ng/L (17-41) were generally below literature 273 

values (7-2400 ng/L), while concentrations expressed in µg/g for the suspended particulate 274 

matter (1.5-2.9) were in line with literature data (2-3.5 µg/g, Isobe et al., 2001; Arditsoglou 275 

and Voutsa, 2008). No significant concentration difference was observed between the two 276 

basins, but a seasonal drop was registered from spring to autumn (from 37-41 ng/L to 17-20 277 

ng/L), similarly to the case of nitrophenols. The same seasonal trend was observed by other 278 

research groups (Isobe et al., 2001; Li et al., 2004), and it is presumed to correlate with the 279 

lower degradation rate of nonylphenol ethoxylates (parent compounds of nonylphenol 280 

isomers) in the colder seasons compared to warmer ones.  281 

 Bisphenol-A was also present in each basin in both seasons. Its measured 282 

concentrations (25-118 ng/L) were in the range of other surface waters (predominantly rivers) 283 

around the globe (Table 2), aside from the seemingly more polluted Elbe river in Germany 284 

and several Chinese rivers (concentrations as high as 776-3500 ng/L, Heemken et al., 2001; 285 

Huang et al., 2012). The western basin was found to be more polluted, possibly because 286 

western basin sampling points WL1 and WO1 were in the proximity of Burnót stream, which 287 

receives 109.000 m
3
 cleaned industrial sewage annually from a mineral water bottling factory. 288 

A spring to autumn bisphenol-A concentration decrease (as in the cases of nitrophenols and 289 

nonylphenol isomers) was observed, as concentrations measured in April (53-118 ng/L) in 290 

both basins were higher than in October (25-26 ng/L).  291 

 Although the concentrations of phenolic compounds detected in Lake Balaton are 292 

below their respective environmental quality standards defined by the EU for inland surface 293 

waters and the available acute toxicity levels regarding certain freshwater organisms (in the 294 

mg/L range for algae and in the μg/L range for fish, Aruoja et al., 2011; Holcombe et al., 295 

1984), due to the ability of these substances to bioaccumulate in a wide range of aquatic 296 

species including algae, certain invertebrates, and several species of fish (Ahel et al., 1993; 297 
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Mayer et al., 2007; Liu et al., 2011; Lee et al., 2015), the identified phenolic pollutants might 298 

still be detrimental to the health of the lake's ecosystem. To gain a better understanding of the 299 

possible effects of these substances to Lake Balaton's ecosystem, additional studies (for 300 

example tissue analysis of aquatic organisms and toxicological experiments) will have to be 301 

undertaken.        302 

 303 

3.2. Distribution of phenols between the dissolved and suspended phases 304 

 On average, a little less than 5 percent of the total measured phenolic content was 305 

bound to the suspended particulate matter of the samples. 2-CP, 2,4-diCP, 2-NP and 2,4,6-306 

triCP were only detected in the dissolved phase, while 4-chlorophenol, 4-nitrophenol and 307 

bisphenol-A were partially and 4-nonylphenol isomers were exclusively retained by the SPM 308 

(Figs. 2a-d). These results are generally in line with prior expectations, given the relatively 309 

low hydrophobicity of bisphenol-A, nitrophenols, mono-, di- and trichlorophenols, and the 310 

higher hydrophobicity of 4-nonylphenol isomers. No significant basin-to-basin or season-to-311 

season difference was observed in the distribution of a certain compound between water 312 

phases.   313 

 314 

4. Conclusions 315 

 316 

 The goal of this study was the analysis of phenolic endocrine disrupting compounds in 317 

Lake Balaton, contemplated in light of the negative environmental impact of these substances 318 

and the scarcity of available data on their concentration in larger lakes. The application of a 319 

composite sampling protocol ensured sufficiently large area coverage (spanning from the 320 

southwestern to the northeastern edges of the lake) for the accurate assessment of phenolic 321 
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pollution. Two sampling campaigns have been conducted (in the spring and autumn of 2014) 322 

to quantify possible seasonal fluctuations.  323 

 Our survey has confirmed, for the first time to our knowledge, the presence of 8 324 

different phenolic pollutants in the dissolved and suspended phases of Lake Balaton water.   325 

 As certain compounds were found partially or exclusively adsorbed to the SPM, the 326 

results underline the importance of regarding the suspended particulate matter as an integral 327 

part of water samples in water quality evaluation studies and during the legislative process of 328 

defining environmental water quality standards.   329 

 330 

Figure Captions 331 

Fig. 1  332 

Open water (O) and littoral zone (L) sampling sites of the spring and autumn sampling      333 

campaigns carried out in the western (W: WO1-WO5; WL1-WL5) and eastern (E:             334 

EO1-EO5; EL1-EL5) basins of Lake Balaton 335 

Figs. 2a-d   336 

Distribution of substituted phenols between the dissolved and suspended phases of Lake 337 

Balaton water measured in the eastern (April: a, October: b) and in the western (April: c, 338 

October: d) basins, concentrations are presented in ng/L; error bars on the columns indicate 339 

the standard deviation of three parallel measurements; values in parentheses reveal partition 340 

percentages between the two phases 341 

 342 

Acknowledgements 343 

 344 

The study was financed by the Balaton-monitoring program of the HAS, the TÁMOP-345 

4.2.2.A-11/1/KONV-2012-0038, and TÁMOP-4.2.2.A-11/1/KONV-2012-0064. 346 



15 
 

 347 

 References 348 

Ahel, M., McEvoy, J., Giger, W., 1993. Bioaccumulation of the lipophilic metabolites of 349 

 nonionic surfactants in freshwater organisms. Environ. Pollut. 79, 243-248. 350 

Andrási, N., Helenkár, A., Vasanits-Zsigrai, A., Záray, Gy., Molnár-Perl, I., 2011a. Derivati- 351 

            zation and Mass Fragmentation Studies of Steroids as Their Trimethylsilyl (Oxime) 352 

            Ether- Derivatives by Gas Chromatography Mass Spectrometry. J. Chromatogr. A 353 

            1218, 1878-1890. 354 

Andrási, N., Helenkár, A., Vasanits-Zsigrai, A., Záray, Gy., Molnár-Perl, I., 2011b. The role 355 

             of  the acquisition methods in the analysis of steroids as their trimethylsilyl (oxime)  356 

              ether derivatives by gas chromatography mass spectrometry: analysis of steroid 357 

              pollutants in water samples. J. Chromatogr. A 1218, 8264-8272. 358 

Andrási, N., Helenkár, A., Molnár, B., Vasanits-Zsigrai, A., Záray, Gy., Molnár-Perl, I.,  359 

              2013. Determination of steroids in the dissolved and in the suspended phases of  360 

            wastewater and Danube River samples by gas chromatography, tandem mass 361 

            spectrometry, Talanta 115, 367-373. 362 

Arditsoglou, A., Voutsa, D., 2008. Determination of phenolic and steroid endocrine disrupting 363 

 compounds in environmental matrices. Environ. Sci. Pollut. Res. 15, 228-236. 364 

Aruoja, V., Sihtmäe, M., Dubourguier, H.-C., Kahru, A., 2011. Toxicity of 58 substituted 365 

 anilines and phenols to algae Pseudokirchneriella subcapitata and bacteria 366 

 Vibrio fischeri: Comparison with published data and QSARs. Chemosphere 84, 1310-367 

 1320. 368 

Asimakopoulos, A.G., Thomaidis, N.S., Koupparis, M.A., 2012. Recent trends in 369 

 biomonitoring of bisphenol A, 4-t-octylphenol, and 4-nonylphenol. Toxicol. Lett. 370 

 210, 141-154. 371 



16 
 

Asman, W.A.H., Jørgensen, A., Bossi, R., Vejrup, K.V., Bügel Mogensen, B., Glasius, M., 372 

 2005. Wet deposition of pesticides and nitrophenols at two sites in Denmark: 373 

 measurements and contributions from regional sources. Chemosphere 59, 1023-1031. 374 

Cespedes, R., Lacorte, S., Ginebreda, A., Barcelo, D., 2008. Occurrence and fate of 375 

 alkylphenols and alkylphenol ethoxylates in sewage treatment plants and impact on 376 

 receiving waters along the Ter River (Catalonia, NE Spain). Environ. Pollut. 153, 384-377 

 392. 378 

Chen, M., Tang, R., Fu, G., Xu, B., Zhu, P., Qiao, S., Chen, X., Xu, B., Qin, Y., Lu, C., Hang, 379 

 B., Xia, Y., Wang, X., 2013. Association of exposure to phenols and idiopathic male 380 

 infertility. J. Hazard. Mater. 250–251, 115-121. 381 

Czaplicka, M., 2004. Sources and transformations of chlorophenols in the natural 382 

 environment. Sci. Total Environ. 322, 21-39. 383 

Domínguez-Morueco, N., González-Alonso, S., Valcárcel, Y., 2014. Phthalate occurrence in 384 

 rivers and tap water from central Spain. Sci. Total Environ. 500–501, 139-146. 385 

EWFD: Directive 2013/39/EU, amendment to the European water framework directive 386 

 (2000/60/EC) 387 

Faludi, T., Andrási, N., Vasanits-Zsigrai, A., Záray, G., Molnár-Perl, I., 2013. Systematic 388 

 derivatization, mass fragmentation and acquisition studies in the analysis of 389 

 chlorophenols, as their silyl derivatives by gas chromatography–mass spectrometry. 390 

 J. Chromatogr. A 1302, 133-142. 391 

Faludi, T., Vasanits-Zsigrai, A., Záray, G., Molnár-Perl, I., 2015. Identification, quantification 392 

 and distribution of substituted phenols in the dissolved and suspended phases of water 393 

 samples by gas chromatography tandem mass spectrometry: Derivatization, mass 394 

 fragmentation and acquisition studies. Microchem. J. 118, 45-54. 395 



17 
 

Gao, J., Liu, L., Liu, X., Zhou, H., Huang, S., Wang, Z., 2008. Levels and spatial distribution 396 

 of chlorophenols – 2,4-Dichlorophenol, 2,4,6-trichlorophenol, and pentachlorophenol 397 

 in surface water of China. Chemosphere 71, 1181-1187. 398 

Ge, F., Zhu, L., Wang, J., 2008. Distribution of chlorination products of phenols under 399 

 various pHs in water disinfection. Desalination 225, 156-166. 400 

Harrison, M.A.J., Barra, S., Borghesi, D., Vione, D., Arsene, C., Iulian Olariu, R., 2005. 401 

 Nitrated phenols in the atmosphere: a review. Atmos. Environ. 39, 231-248. 402 

Heemken, O.P., Reincke, H., Stachel, B., Theobald, N., 2001. The occurrence of 403 

 xenoestrogens in the Elbe river and the North Sea. Chemosphere 45, 245-259. 404 

Hlavay, J., Polyák, K., 1998. Chemical Speciation of Elements in Sediment Samples 405 

 Collected at Lake Balaton. Microchem. J. 58, 281-290. 406 

Holcombe, G.W., Phipps, G.L., Knuth, M.L., Felhaber, T., 1984. The acute toxicity of 407 

 selected substituted phenols, benzenes and benzoic acid esters to fathead minnows 408 

 Pimephales promelas. Environ. Pollut. A 35, 367-381. 409 

Huang, Y.Q., Wong, C.K.C., Zheng, J.S., Bouwman, H., Barra, R., Wahlström, B., Neretin, 410 

 L., Wong, M.H., 2012. Bisphenol A (BPA) in China: A review of sources, 411 

 environmental levels, and potential human health impacts. Environ. Int. 42, 91-99. 412 

Isobe, T., Nishiyama, H., Nakashima, A., Takada, H., 2001. Distribution and Behavior of 413 

 Nonylphenol, Octylphenol, and Nonylphenol Monoethoxylate in Tokyo Metropolitan 414 

 Area: Their Association with Aquatic Particles and Sedimentary Distributions. 415 

 Environ. Sci. Technol. 35, 1041-1049. 416 

Jálová, V., Jarošová, B., Bláha, L., Giesy, J.P., Ocelka, T., Grabic, R., Jurčíková, J., Vrana, 417 

 B., Hilscherová, K., 2013. Estrogen-, androgen- and aryl hydrocarbon receptor 418 

 mediated activities in passive and composite samples from municipal waste and 419 

 surface waters. Environ. Int. 59, 372-383. 420 



18 
 

Kiss, G., Gelencsér, A., Krivácsy, Z., Hlavay, J., 1997. Occurrence and determination of 421 

 organic pollutants in aerosol, precipitation, and sediment samples collected at Lake 422 

 Balaton. J. Chromatogr. A 774, 349-361. 423 

Kovács, Á., Mörtl, M., Kende, A., 2011. Development and optimization of a method for the 424 

 analysis of phenols and chlorophenols from aqueous samples by gas chromatography–425 

 mass spectrometry, after solid-phase extraction and trimethylsilylation. Microchem. J.426 

 99, 125-131. 427 

Lee, C.-C., Jiang, L.-Y., Kuo, Y.-L., Chen, C.-Y., Hsieh, C.-Y., Hung, C.-F., Tien, C.-J., 428 

 2015. Characteristics of nonylphenol and bisphenol A accumulation by fish and 429 

 implications for ecological and human health. Sci. Total Environ. 502, 417-425. 430 

 431 

Li, Z., Gibson, M., Liu, C., Hu, H., 2013. Seasonal variation of nonylphenol concentrations 432 

 and fluxes with influence of flooding in the Daliao River Estuary, China.  Environ. 433 

 Monit. Assess. 185, 5221-5230. 434 

Li, Z., Li, D., Oh, J.-R., Je, J.-G., 2004. Seasonal and spatial distribution of nonylphenol in 435 

 Shihwa Lake, Korea. Chemosphere 56, 611-618. 436 

Liu, J., Wang, R., Huang, B., Lin, C., Wang, Y., Pan, X., 2011. Distribution and 437 

 bioaccumulation of steroidal and phenolic endocrine disrupting chemicals in wild fish 438 

 species from Dianchi Lake, China. Environ. Pollut. 159, 2815-2822. 439 

Loos, R., Locoro, G., Contini, S., 2010. Occurrence of polar organic contaminants in the 440 

 dissolved water phase of the Danube River and its major tributaries using SPE-LC-441 

 MS2 analysis. Water Res. 44, 2325-2335. 442 

Maloschik, E., Ernst, A., Hegedűs, G., Darvas, B., Székács, A., 2007. Monitoring water-443 

 polluting pesticides in Hungary. Microchem. J. 85, 88-97. 444 



19 
 

Mayer, T., Bennie, D., Rosa, F., Rekas, G., Palabrica, V., Schachtschneider, J., 2007. 445 

 Occurrence of alkylphenolic substances in a Great Lakes coastal marsh, Cootes 446 

 Paradise, ON, Canada. Environ. Pollut. 147, 683-690. 447 

Mei, M., Huang, X., Yu, J., Yuan, D., 2015. Sensitive monitoring of trace nitrophenols in 448 

 water samples using multiple monolithic fiber solid phase microextraction and liquid 449 

 chromatographic analysis. Talanta 134, 89-97. 450 

Nguyen, H.L., Leermakers, M., Kurunczi, S., Bozo, L., Baeyens, W., 2005a. Mercury 451 

 distribution and speciation in Lake Balaton, Hungary. Sci. Total Environ. 340, 231-452 

 246. 453 

Nguyen, H.L., Leermakers, M., Osán, J., Török, S., Baeyens, W., 2005b. Heavy metals in 454 

 Lake Balaton: water column, suspended matter, sediment and biota. Sci. Total 455 

 Environ.  340, 213-230. 456 

Paasivirta, J., Heinola, K., Humppi, T., Karjalainen, A., Knuutinen, J., Maentykoski, K., 457 

 Paukku, R., Piilola, T., Surma-Aho, K., Tarhanen, J., Welling, L., Vihonen, H., 1985. 458 

 Polychlorinated phenols, guaiacols and catechols in environment. Chemosphere 14, 459 

 469-491. 460 

Patil, G.P., 2006. Composite Sampling. Encyclopedia of Environmetrics. John Wiley & Sons, 461 

 Ltd. 462 

Patrolecco, L., Capri, S., Angelis, S., Pagnotta, R., Polesello, S., Valsecchi, S., 2006. Partition 463 

 of Nonylphenol and Related Compounds Among Different Aquatic Compartments in 464 

 Tiber River (Central Italy). Water Air Soil Pollut. 172, 151-166. 465 

Pera-Titus, M., Garcı́a-Molina, V., Baños, M.A., Giménez, J., Esplugas, S., 2004. 466 

 Degradation of chlorophenols by means of advanced oxidation processes: a general 467 

 review. Appl. Catal. B-Environ. 47, 219-256. 468 



20 
 

Petrovic, M., Lacorte, S., Viana, P., Barceló, D., 2002. Pressurized liquid extraction followed 469 

 by liquid chromatography–mass spectrometry for the determination of alkylphenolic 470 

 compounds in river sediment. J. Chromatogr. A 959, 15-23. 471 

Philippat, C., Mortamais, M., Chevrier, C., Petit, C., Calafat, A.M., Ye, X., Silva, M.J., 472 

 Brambilla, C., Pin, I., Charles M-A., Cordier, S., Slama, R., 2012. Exposure to 473 

 phthalates and phenols during pregnancy and offspring size at birth. Environ. Health 474 

 Perspect. 120, 464-470. 475 

Prasain, K., Nguyen, T.D.T., Gorman, M.J., Barrigan, L.M., Peng, Z., Kanost, M.R., Syed, 476 

 L.U., Li, J., Zhu, K.Y., Hua, D.H., 2012. Redox potentials, laccase oxidation, and 477 

 antilarval activities of substituted phenols. Bioorg. Med. Chem. 20, 1679-1689. 478 

Ren, Y.-Z., Franke, M., Anschuetz, F., Ondruschka, B., Ignaszak, A., Braeutigam, P., 2014. 479 

 Sonoelectrochemical degradation of triclosan in water. Ultrason. Sonochem. 21, 2020-480 

 2025. 481 

Rochester, J.R., 2013. Bisphenol A and human health: A review of the literature. 482 

 Reprod. Toxicol. 42, 132-155. 483 

Sanders, J.M., Bucher, J.R., Peckham, J.C., Kissling, G.E., Hejtmancik, M.R., Chhabra, R.S., 484 

 2009. Carcinogenesis studies of cresols in rats and mice. Toxicology 257, 33-39. 485 

Schummer, C., Groff, C., Al Chami, J., Jaber, F., Millet, M., 2009. Analysis of phenols and 486 

 nitrophenols in rainwater collected simultaneously on an urban and rural site in east of 487 

 France. Sci. Total Environ. 407, 5637-5643. 488 

Schüssler, W., Nitschke, L., 2001. Nitrophenols in precipitation. Chemosphere 42, 277-283. 489 

Sebők, Á., Sezer, K., Vasanits-Zsigrai, A., Helenkár, A., Záray, Gy., I. Molnár-Perl, I., 2008. 490 

            Gas chromatography-mass spectrometry of the trimethylsilyl (oxime) ether/ester 491 

            derivatives of cholic acids: their presence in the aquatic environment, J. Chromatogr. 492 

            A 1211, 104-112. 493 



21 
 

Sebők, Á., Vasanits-Zsigrai, A., Helenkár, A., Záray, Gy., I. Molnár-Perl, I., 2009.  494 

             Multiresidue analysis of water soluble pollutants as their trimethylsilyl derivatives,  495 

              by gas chromatography mass spectrometry,  J. Chromatogr. A 1216, 2288-2301. 496 

Takayanagi, S., Tokunaga, T., Liu, X., Okada, H., Matsushima, A., Shimohigashi, Y., 2006. 497 

 Endocrine disruptor bisphenol A strongly binds to human estrogen-related receptor γ 498 

 (ERRγ) with high constitutive activity. Toxicol. Lett. 167, 95-105. 499 

USA Code of Federal Regulations, Title 40, Volume 30, Part 423, Appendix A 500 

Wang, X., Luo, L., Ouyang, G., Lin, L., Tam, N.F.Y., Lan, C., Luan, T., 2009. One-step 501 

 extraction and derivatization liquid-phase microextraction for the determination of 502 

 chlorophenols by gas chromatography–mass spectrometry. J. Chromatogr. A 1216, 503 

 6267-6273. 504 

Weisz, M., Polyák, K., Hlavay, J., 2000. Fractionation of elements in sediment samples 505 

 collected in rivers and harbors at Lake Balaton and its catchment area. Microchem. J. 506 

 67, 207-217. 507 

Wu, J., Wang, X., Ying, F., Hu, G., Wang, X., Li, D., Yu, H., Han, X., 2011. In vitro 508 

 assessment of reproductive toxicity on rats induced by organic contaminants of source 509 

 water. Ecotox. Environ. Safe. 74, 1756-1764. 510 

Zgoła-Grześkowiak, A., Grześkowiak, T., Rydlichowski, R., Łukaszewski, Z., 2009. 511 

 Determination of nonylphenol and short-chained nonylphenol ethoxylates in drain 512 

 water from an agricultural area. Chemosphere 75, 513-518. 513 

Zhong, W., Wang, D., Xu, X., 2012. Phenol removal efficiencies of sewage treatment 514 

 processes and ecological risks associated with phenols in effluents. J. Hazard. Mater.  515 

 217–218, 286-292. 516 



22 
 

Zhong, W., Wang, D., Xu, X., Luo, Q., Wang, B., Shan, X., Wang, Z., 2010. Screening level 517 

 ecological risk assessment for phenols in surface water of the Taihu Lake. 518 

 Chemosphere 80, 998-1005. 519 

 520 

 521 

  522 

 523 

 524 

 525 
 526 

 527 


