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1. Introduction 

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

presence of toxic organic compounds in the aquatic environment. The pollution of surface 

waters is especially alarming, because through these water bodies organic pollutants can reach 

distant locations, endanger the aquatic ecosystem, and even appear in drinking water, causing 

significant human health risk.  

 Among the organic pollutants of surface waters are different anthropogenic phenolic 

substances, like chlorophenols, nitrophenols, alkylphenols, triclosan and bisphenol-A. These 

compounds are used extensively around the globe as additives and synthesis intermediates. 

Surface waters can be exposed to phenolic compounds either directly through municipal and 

industrial wastewater effluents, agricultural runoff water discharges and precipitation or 

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

pharmaceutical drugs. Due to their potential endocrine disrupting properties, toxicity to 

certain organisms and widespread presence in the aquatic environment, several phenols have 

been designated as priority water pollutants by the USEPA and the European Union. 

 While the presence of phenolic compounds in the dissolved phases of waters is 

relatively well documented due to the improvements of analytical methods, information on 

the compounds' distribution in suspended particulate matter (SPM) is limited, even though 

several phenols with high hydrophobicity is expected to be at least partially retained by the 

SPM. 

To gain more information on the degree of phenolic pollution in environmental waters, 

we need analytical methods capable of quantifying these substances in the dissolved phase 

and suspended particulate matter of various water samples, even in the ng/L concentration 

range, with acceptable accuracy,  reproducibility, and cost efficiency. 
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2. Aims of the study 

The aims of this study were the following:  

1) The development of a gas chromatographic-tandem mass spectrometric 

analytical method based on solid-phase and ultrasound-assisted extraction, capable of the 

simultaneous analysis of 26 phenolic substances in the dissolved phase and suspended 

particulate matter (SPM) of water samples of different origin. The method have to be 

suitable for the quantitation of the compunds' distribution between the dissolved and 

suspended phases.  

The following tasks had been undertaken during the method development procedure: 

a. Derivatization study. Comparison of the effectiveness of the derivatization 

reagent hexamethyldisilazane (which has already been proved capable of derivatizing 

different hydroxylic compounds, like saccharides and certain steroids) with  other 

reagents for the preparation of the phenolic compounds' trimethylsilyl (TMS) and 

tert-butyldimethylsilyl (tBDMS) derivatives.  

b. Mass fragmentation study. Mass fragmentation study of the phenolic 

compounds' trimethylsilyl (TMS) and tert-butyldimethylsilyl (tBDMS) derivatives, 

and identification of their selective fragment ions (SFIs).  Selection of the 

appropriate precursor and product ions and optimization of instrument parameters for 

the tandem mass spectrometric determination of the TMS derivatives.  

c. Measurement of the analytical performance characteristics of the optimized 

method. 

2)  Application of the developed method for the analysis of phenolic compounds in water 

 samples of different origin. 

a. Measurement of the phenolic pollution of Lake Balaton, identification of 

 possible seasonal patterns.  

b. Analysis of influent and effluent wastewater acquired from the South-Pest

 wastewater treatment plant. 

c. Analysis of Danube water. 

d. Analysis of tap water. 
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3. Materials and methods 

3.1. Stock and working solutions 

 Stock solutions (1-1.2 mg / mL) were prepared by dissolving phenolic compounds 

weighed with analytical precision in methanol. The unified working solution of the 26 target 

phenols was prepared from the 1000-fold dilution of the stock solutions, and served as an 

initial solution for the preparation of standard solutions later on. 

3.2. Sampling 

 The samples were stored in dark amber glass containers, and were processed within 24 

hours of sampling. 

3.2.1. Lake Balaton water 

 Lake Balaton water samples were obtained by researchers of the Balaton Limnological 

Institute with column samplers at five sites in the open water and five sites in the littoral zone 

near to the characteristic inflows of the western and eastern basins of the lake, in early April 

and early October of 2014. Twenty sampling sites were selected altogether for this survey, 10 

for each basin. Two and a half liter lake water from each sampling site was mixed to obtain a 

25 L composite water sample for each basin. 

3.2.2. Wastewater 

 The influent and effluent wastewater samples representing 24-hour averages were 

obtained from the South-Pest wastewater treatment plant.  

3.2.3. Danube water 

 The Danube water samples were acquired near Petőfi Bridge (1646. river kilometer). 

3.2.4. Tap water 

 Tap water samples were collected in the university building (1117, Budapest, 

Pázmány Péter street 1/A). 

3.3. Sample preparation 

3.3.1. Solid-phase extraction of the dissolved phase 

 After thorough mixing, the samples (25 mL - 3 L) were filtered through glass fibre 

filters (1,6 µm pore size) to separate the dissolved phase from suspended particulate matter. 
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 Due to the fact that the SPM content of tap water samples proved to be negligible 

during preliminary experiments, these samples weren't filtered.  

 The filtrates were acidified with concentrated hydrochloric acid to pH 3±0,1 before 

subjected to solid-phase extraction (SPE). SPE cartridges were conditioned prior to extraction 

with 5 mL hexane, 5 mL ethyl acetate, 10 mL methanol, and 10 mL distilled water. The 

extraction procedure was performed on a vacuum manifold with a flow rate of 4–5 mL/min. 

After the extraction, cartridges were dried by vacuum for 45 minutes. Elutions were carried 

out with 2×2 mL of a solvent mixture containing hexane/ethyl acetate/methanol, mixed in 

1/1/2 v/v ratios. The eluents were collected into vials containing 250 μL methanol with 

sodium hydroxide (5×10
−3

 M), and were evaporated to dryness by means of a rotary 

evaporator. 

3.3.2. Ultrasound-assisted solvent extraction of the suspended particulate matter 

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

temperature then cut into 5 × 5 mm pieces and put in glass beakers (150 mL). Extractions 

were made with a solvent mixture of hexane/ethyl acetate/methanol 1/1/2 (v/v/v). At first, 40 

mL of solvent mixture was added to the glass beakers and sonicated for 20 min. This step was 

repeated two times with 20 mL solvent mixture. Solvent portions were filtered with glass 

micro-fiber paper, unified to a stock solution and its aliquots taken with analytical precision 

were evaporated to dryness after the addition of 250 μL methanol with sodium hydroxide 

(5×10
−3

 M). 

3.3.3. Derivatization 

 Standard solutions, prepared by taking aliquots from the working solution (section 

3.1.), were basified with 250 μL methanol containing sodium hydroxide (5×10
−3

 M) and then 

evaporated to dryness. The residues were reconstituted with 125 µL pyridine, and than for the 

preparation of the TMS derivatives 225 µL hexamethyldisilazane (HMDS) and 25 µL 

trifluoroacetic acid or 250 µL trimethylsilyl-N,N-dimethylcarbamate (TMSDMC) or 250 µL 

N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) or 250 µL N-methyl-N-

(trimethylsilyl)trifluoroacetamide (MSTFA), while for the preparation of the tBDMS 

derivatives 250 µL N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide (MTBSTFA) was 

added to the solution. The standard solutions prepared for the derivatization study were 

derivatized at 70 °C for 90 minutes, while those prepared as calibration standards for the 

analysis of water samples were derivatized at 70 °C for 30 minutes. The derivatization of 
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sample extracts were carried out in the same way as the standard solutions, except after the 

addition of 125 µL pyridine to the SPE and SPM extract residues, HMDS was used as the 

derivatization reagent (225 µL HMDS and 25 µL trifluoroacetic acid), exclusively. The 

reaction temperature and time were 70 °C and 30 minutes, respectively. After derivatization, 

150 µL of each solution was transferred to small (300 µL) septum-equipped vials, and 1 µL 

solution from every vial was injected into the gas chromatograph.  

 3.4. GC-MS analysis 

 All measurements were carried out with a Varian 240 GC-MS/MS system, equipped 

with an autosampler and a programmable temperature vaporizer injector. The injections (1 μL 

in all cases) were carried out in the on-column mode. SGE forte BPX-5 capillary column (30 

m×0.25 mm; film thickness=0.25 μm) was used for all measurements. Helium (99.9999 % 

purity) was used as a carrier gas, with the column flow rate fixed at 1 mL/min.  

 The injector temperature program was the following: injections were made at 50 °C, 

held at 50 °C for 0.5 min, then heated up to 250 °C (200 °C/min), with a 3 min hold at 250 

°C. The column oven temperature program for the separation of the TMS derivatives started 

at 50 °C, held for 1 min, then heated up to 140 °C by 10 °C/min, held for 2 min, then heated 

up to 210 °C by 20 °C/min, then up to 280 °C by 40 °C/min and held at 280 °C for 1 min 

(total program runtime: 18.25 min). The column oven temperature program for the separation 

of the tBDMS derivatives was the same as described above, except that the final temperature 

(280 °C) was held for 4 minutes instead of 1 minute (total program runtime: 21.25 min).  

 The temperatures of the transfer line, ion trap, and vacuum manifold were 300, 210, 

and 80 °C, respectively. Electron impact (EI) ionization was used throughout the 

measurements, the ionization energy was 70 eV. The instrument was controlled with the 

Varian MS Workstation software (version 6.9.3.) The external standard calibration method 

was used for quantitation purposes throughout. 
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4. Summary of new scientific results 

1.      I developed a gas chromatographic-tandem mass spectrometric method based on 

solid-phase and ultrasound-assisted extraction, capable of the simultaneous analysis of 26 

phenolic substances in the dissolved phase and suspended particulate matter (SPM) of water 

samples of different origin.  

1.1.   I studied the fragmentation of the phenolic compounds' trimethylsilyl (TMS) and 

tert-butyldimethylsilyl (tBDMS) derivatives in order to identify their selective fragment ions 

(SFIs).  

 1.2. I compared the responses of the derivatives obtained with 5 different 

derivatization reagents (HMDS, TMSDMC, MSTFA, BSTFA, MTBSTFA) and selected the 

cost effective hexamethyldisilazane as the most appropriate reagent  for the GC-MS/(MS) 

determination of the target compounds.  

 1.3.   I developed a tandem mass spectrometric method for the analysis of the target 

compounds' TMS derivatives, based on the results of their fragmentation study.  I selected the 

most suitable precursor and product ions for the multiple reaction monitoring (MRM) 

determination, and carefully optimized collision induced dissociation (CID) parameters to 

achieve the best method performance characteristics possible.   

 1.4. I determined the analytical performance characteristics of the developed GC-

MS/(MS) method. I compared the limit of quantification (LOQ) values in full scan (FS), 

selective ion monitoring (SIM) and multiple reaction monitoring (MRM) acquisition modes: 

the lowest values were obtained in the most selective MRM method (LOQ=0,15-14 ng/L). I 

studied the effectiveness of the solid-phase extraction of the dissolved phase by fortifying 

effluent wastewater and Danube water with the target compounds before extraction, and by 

the parallel analysis of different volumes of the same water sample. The average recovery 

values of the 26 target compounds was 85 % for effluent wastewater and 93 % for Danube 

water, while the reproducibility of the method measured in RSD % was, on average 5,3 % and 

6,1 %, respectively. The efficiency of the SPM's ultrasonic extraction was studied by the 

analysis of consecutive solvent fractions  of a SPM extract acquired from Danube water.  

 2.      I applied the developed method to the analysis of phenolic compounds in water 

samples of different origin. 

 2.1.  In the dissolved phase of composite water samples acquired from the western and 

eastern basins of Lake Balaton during two sampling campaigns, I determined 2-chlorophenol, 

4-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, 2-nitrophenol, 4-nitrophenol and 
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bisphenol-A in concentrations  10,4-888 ng/L. In the suspended particulate matter I measured 

4-chlorophenol,  4-nitrophenol, 4-nonylphenol isomers and bisphenol-A within the 4,21-41,1 

ng/L concentration range. 

 2.2.  In the dissolved phases of influent and effluent wastewater samples obtained 

from the South-Pest wastewater treatment plant I detected 2-chlorophenol, 4-chlorophenol, 

2,4-dichlorophenol, 2,4,6-trichlorophenol, 2-nitrophenol, 4-nitrophenol and bisphenol-A, 

while in the SPM I identified 4-methylphenol, 2-chlorophenol, 2,4-dichlorophenol, 2-

nitrophenol, 4-nitrophenol, 4-nonylphenol isomers, triclosan and bisphenol-A. The measured 

concentrations were between 60,5-14939 ng/L in influent (sum of the dissolved phase and 

SPM) and between 10,2-217 ng/L in effluent wastewater. The removal effectiveness 

percentages calculated for each compound were between 48 % and 99 %. Part of the total 

measured phenolic content was bound to the SPM of the wastewater samples (influent: 84 %; 

effluent 29 %). 

 2.3.  In the dissolved phase of Danube water 2-chlorophenol, 4-chlorophenol, 2,4-

dichlorophenol, 4-nitrophenol and bisphenol-A, while in its suspended particulate matter 2,4-

dichlorophenol, 2,3,4,6-tetrachlorophenol, pentachlorophenol, 4-n-octylphenol, 4-n-

nonylphenol, 4-nonylphenol isomers, triclosan and bisphenol-A could be detected in the 6,51-

155 ng/L and  1,64-123 ng/L concentration ranges, respectively. 57 % of the total phenolic 

content quantified in Danube water was bound to the SPM. 

 2.4.  In the dissolved phases of tap water samples I measured 2-methylphenol, 2,4-

dimethylphenol, 2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol, 2,6-dichlorophenol, 

2,4,6-trichlorophenol, 2-nitrophenol and 4-nitrophenol within the 1,87-648 ng/L concentration 

range. Chlorophenols accounted for 87 % of the total detected phenolic concentration, on 

average.   

5. Conclusion 

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

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

part of water samples in water quality evaluation studies.  
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