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Abstract

The purpose of this work was to determine the occurrence of phenol, chlorophenols, chlorocatechols
and chlorinated methoxyphenols in the drinking water of the Polish cities of L.6dz (Lodz), Warszawa (War-
saw), Poznan and Wroctaw. The compounds were adsorbed on octadecyl (C18) layer in a Baker-Separex

system and eluted with methylene chloride, then analyzed using the methods of gas chromatography and

mass spectrometry. In samples, chlorophenols, 4-chlorocatechol, chloroguaiacols, chlorosyringols and 5,6-

dichlorovaniline were detected. Higher concentrations and number of chlorophenols and their chlorinated

derivatives were noted in summer. Among the most toxic compounds, 2,4,5-trichlorophenol in drinking

water of Warszawa (summer and winter) and L.6dz (winter) and tetrachlorophenol in water of Wroctaw
(summer) were noted. Their concentrations were above the admissible standards of the EU and the US EPA.
In some cases the concentrations of chloroguaiacols and 5,6-dichlorovanillin also were significant.
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Introduction

Aromatic compounds, due to their toxicity and persis-
tence in the environment, establish serious danger towards
living organisms, including humans. One of the most impor-
tant group of ecotoxins are chlorophenols. Those compounds
are in common use as the precursors and components of
many chemicals, including polymers, dyes or pharmaceuti-
cals [1]. The compounds also are formed as a result of the
use and degradation of phenolic pesticides such as 2-chlo-
rophenol, 4-chlorophenol and 2,4,5-trichlorophenol [2]
and phenoxyherbicides such as 2,4-dichlorophenoxyacetic
acid (2,4-D) [3]. Chlorophenols emit high toxicity, includ-
ing genotoxic [4], mutagenic [5] and carcinogenic activity
[6]. Clinical investigation showed that people exposed to
drinking water contaminated with chlorophenols (Jarvela,
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South Finland) suffer from infections, dermatitis, irritation
of digestive tract and strong exhaustion [7]. Catechols and
chlorocatechols similar to phenols, are synthesized and used
by industry [8]. Those compounds also are created during
degradation of pesticides and biphenyls. A related group of
compounds are the methoxyphenols formed mainly as a re-
sult of bleaching (chlorinating) of wood pulp [9]. Until now
the investigations have concerned the presence of chloro-
phenols in drinking water that were formed during chemical
oxidation of aromatic compounds — (the substitution of aro-
matic ring by free atoms of chlorine derived from chlorinated
oxidants) present in purifying water [10]. As far as we know
there haven’t been any investigations concerning the pres-
ence of chlorocatechols and chlorinated methoxyphenols in
drinking water and nothing is known about the transforma-
tion of these compounds during chlorination. Both catechol
[11], chlorocatechols [8] and methoxyphenols [13, 14] emit
high toxicity including mutagenicity and carcinogenicity.
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Moreover, substitution of these compounds by chlorine at-
oms may increase their toxic action and prolong the period
of their bioaccumulation in living organisms.

The aim of this study was to determine phenol, chlorophe-
nols, catechol, chlorocatechols, chlorinated methoxyphenols
(chlorosyringols, chloroguaiacols, 3,4,5-trichloroveratrole
and 5,6-dichlorovanillin) in drinking water of the largest cit-
ies in Poland - Warszawa, L.odz, Poznan and Wroctaw. The
estimation of seasonal changes concerning the number and
concentrations of the compounds determined (samples col-
lected in summer and winter) also was analyzed.

Materials and Methods
Chemicals

The standards of these compounds were bought from
Fluka AG: 1-hydroxybenzene (phenol), 2-chlorophenol,
4-chlorophenol, 2,4-dichlorophenol, 2,3,6-trichlorophenol,
2,4,5-trichlorophenol, 2,4,6-trichlorophenol, 2,3,4,5-tetra-
chlorophenol, pentachlorophenol, 4-methylphenol (p-cre-
sol), 1,2-dihydroxybenzene (catechol), 4-chlorocatechol,
3,4, 5-trichlorocatechol, tetrachlorocatechol, 2-methoxyphe-
nol (guaiacol), 4,6-dichloroguaiacol, 4,5,6-trichloroguaia-
col, tetrachloroguaiacol, 2,5-dimethoxyphenol (syringol),
3-chlorosyringol, trichlorosyringol, 1,2-dimethoxybenzene
(veratrole), 3,4,5-trichloroveratrole and 5,6-dichloro-4-hy-
droxy-3-methoxybenzaldehyde (5,6-dichlorovanillin).

Collection of Samples

Drinking water was collected £.6dz, Poznan, Warszawa
and Wroctaw. Three samples (n=3) of water were collected
each in summer and winter.

In Warszawa, drinking water was collected from the
area supplied by Central Water Supply that pumps it from
the Vistula River. Moreover, water is delivered by South
Water Supply and Praski Water Supply, reciving it into the
southern and eastern parts of the city, respectively.

Tap water in £6dZ was collected from the western area
of the city that is supplied by surface water taken from
Sulejowske Lake situated on the Pilica River, 50 km from
L6dz. Most of the water destined for L6dZ is obtained
from several deep-seated wells situated within the city.

In Poznan tap water was collected from the southern
area of the city that is supplied with water taken from the
Warta River in Mosina, 20 km from Poznan. Moreover,
water for Poznan is obtained from the water supply in
Degbina that delivers river water to the northern part of
the city.

Tap water in Wroctaw was collected from the area sup-
plied with water taken from the Odra River. “Mokry Dwor”
water supply is situated a few kilometers from Wroctaw
and carries water to southern and western parts of the city.
Remaining water is delivered to the centre of the city and
is obtained from water supply situated at Michatéw on the
Otawa River, 60 kilometers from Wroctaw.

Individual water supplies carry water to 30% of the
L6dz population, 35% of Warszawa population, 60% of
Poznan population and 50% of Wroctaw population.

Selected areas of the cities were supplied with water
(river water) exposed to the strongest antropogenic con-
tamination. The water taken from these places potentally
should have contained the highest amounts and the diver-
sity of compounds analyzed and their precursors.

Preparation of Samples

Samples were collected in 1 dm?® volumes in dull HD
polyethylene bottles. To samples 10 ml of methanol and
0.1 g of ascorbic acid were added to inhibit biodegrada-
tion and oxidation proccesses. The internal standard also
was added (1 pg of 2,3,6-trichlorophenol in 1 ml of ac-
etone) to samples. Next, 200 g of sodium chloride was
added and samples were acidified with phosphoric acid to
pH = 2 to decrease solubility of phenols in water (higher
effectivity of adsorbtion of phenols by octadecyl layer).
Finally, samples were mixed using an electromagnetic
stirrer (750 rts/min) for 40 minutes.

Solid-Phase Extraction

Adsorption of chlorophenols and their derivatives was
performed on “EMPORE Extraction Disks” in a Baker
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Fig. 1. Chromatogram of standards of chlorophenols and
chlorocatechols separated by GC-MS method - 1. phenol,
2. 4-metylphenol, 3. chlorophenol, 4. guaiacol, 5. dichlorophe-
nol, 6. dichlorophenol, 7. chlorocatechol, 8. tetrachlorophenol,
9. pentachlorophenol, 10. tetrachlorocatechol.
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Separex system. The system “EMPORE spe” of extrac-
tion filters (disks) was equipped with its binding phase
octadecyl C18, diameter of 50 mm and layer thickness
of 1.0 mm. The filters (disks) were used in a special vac-
uum extraction apparatus “Baker Separex” made of bo-
rosilicate glass. The octadecyl layer was conditioned us-
ing 10 ml volumes of diethyl ether, methylene chloride,
methanol and bidistilled water, respectively, and elution
was made with two 5 ml volumes of dietyl ether and
methylene chloride, respectively. Eluent was evaporated,
individual phenols and their derivatives were dissolved
in hexane, acetylated (derivatization) and concentrated
down to a volume of 0.1 ml for gas chromatography
separation.

Gas Chromatography-Mass Spectrometry

Chromatographic analysis was made using a gas chro-
matograph (Hewlett-Packard type 5890) connected with
a quadruple mass spectrometer type 5972 (temperature
MS - 152 °C) equipped with capillary column HP 5 (60
m x 0.25 mm). Column temperature was maintained at
60°C for 1 min then increased to 160°C at 5°C/min and
finally increased to 280°C. The temperature of the injec-
tor was 260°C. The carrier gas was helium (rate of flow,
1 ml/min). Qualitative estimation was made in SCAN sys-
tem (identification of individual compounds by compari-
sion with standards or spectra from spectra library type
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Fig. 2. Chromatogram of 2,4,6-trichlorophenol (1), 2,4,5-tri-
chlorophenol (2), dichloroguaiacol (3), 3-chlorosyringol (4),
trichlorosyringol (5) determined in drinking water of Warszawa
in summer 2000.

NBS 75KL) and quantitative estimation was done in SIM
system (identification by comparing with calibrated stan-
dards) (Fig. 1).

Results

Obtained results evidenced the presence in collected
samples of phenol, some chlorophenols (4-chlorophenol,
2,4,5-trichlorophenol, 2,4,6-trichlorophenol and tetra-
chlorophenol) 4-chlorocatechol, 4,6-dichloroguaiacol,
tetrachloroguaiacol, 3-chlorosyringol, trichlorosyringol
and 5,6-dichlorovanillin. Generally, in summer higher
numbers and concentrations of investigated compounds
were noted. That particularly concerned the occur-
rence of chlorocatechols, chlorinated methoxyphenols
and 5,6-dichlorovanilin that were not detected in win-
ter. The concentrations of some determined compounds
exceeded admissible standards established by the USA
Environmental Protection Agency (EPA) (0,1 pg chloro-
phenol to 1 L of drinking water). That refered to 2,4,5-
trichlorophenol (summer and winter, Warszawa and win-
ter, L6dz) and tetrachlorophenol (summer, Wroctaw).
The concentrations of chlorophenols, 4-chlorocatechol
and chlorinated methoxyphenols determined in drinking
water in summer and winter are shown in Table 1.

Selected chromatograms of standard chlorophenols
and compounds determined in drinking water are shown
in Figs. 2-3.
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Fig. 3. Chromatogram of tetrachlorophenol (1), 4-chlorocat-
echol (2), tetrachloroguaiacol (3), 3-chlorosyringol (4) and
trichlorosyringol (5) determined in drinking water of Wroctaw
in summer 2000.
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Table 1. The means (n=3) of concentrations (ng/1) and their standard deviations obtained for phenol, chlorophenols, 4-chlorocatechol and

chlorinated methoxyphenols determined in the drinking water of £.0dz, Poznan, Warszawa and Wroctaw in summer and winter 2000-01.

Lodz Poznan
Determined compound summer winter summer winter
Mean SD Mean SD Mean SD Mean SD
phenol - - 0.233 0.0305 - - - -
4-chlorophenol - - - - 0.010 0.0015 - -
2,4,5-trichlorophenol - - 0.486 0.0638 - - - -
2,4,6-trichlorophenol - - - - - - 0.004 0.0010
tetrachlorophenol - - - - 0.035 0.0150 - -
4-chlorocatechol 0.030 0.0100 - - 0.047 0.0153 - -
4,6-dichloroguaiacol - - - - - - 0.004 0.0015
tetrachloroguajacol 0.241 0.0100 - - 0.109 0.0153 - -
3-chlorosyringol 0.022 0.0029 - - 0.024 0.0046 - -
trichlorosyringol 0.040 0.0167 - - 0.029 0.0023 - -
5,6-dichlorovaniline 0.341 0.0222 - - - - - -
Warszawa Wroctaw
Determined compound summer winter summer winter
Mean SD Mean SD Mean SD Mean SD
phenol - - - - - - trace c. -
4-chlorophenol - - - - - - - -
2,4,5-trichlorophenol 0.330 0.0385 0.350 0.0100 - - - -
2,4,6-trichlorophenol 0.075 0.0080 - - - - - -
tetrachlorophenol - - - - 0.221 0.0130 - -
4-chlorocatechol - - - - 0.131 0.0104 - -
4,6-dichloroguaiacol 0.036 0.0046 0.007 0.0025 - - trace c. -
tetrachloroguajacol - - - - 0.136 0.0136 - -
3-chlorosyringol 0.015 0.0015 - - 0.028 0.0056 - -
trichlorosyringol 0.019 0.0020 - - 0.044 0.0036 - -
5,6-dichlorovaniline - - - - - - - -

@ e

= none detected

Discussion of Results

Previous investigations have noted the occurrence of
many chlorinated aliphatic and aromatic and some bro-
minated compounds in drinking water [14, 15, 16] and
special attention has been paid to the presence of phenol
and chlorophenols exerting high toxicity, mutagenicity
and carcinogenicity [11, 17, 18, 19, 20]. High toxicity
of chlorophenols and their negative impact on organo-
leptic properties of drinking water, even in small con-
centrations (100-300 nanograms) has forced scientists
to establish admissible standards for these compounds
on 100 nanograms of individual chlorophenol and

1 microgram of total concentrations of chlorophenols per
one litre of drinking water. Unfortunately, there has been
little or no investigation concerning the occurrence of
catechol, methoxyphenols and their chlorinated deriva-
tives in drinking water. Both catechol [21, 22] chloro-
catechols [8], guaiacol [23], chloroguaiacols [22] and
syringol [24] reveal toxic properties including cytotoxic,
mutagenic and cancerogenic activity. Moreover, substitu-
tion of discussing compounds by chlorine atoms usually
increases their toxicity. In collected samples the occur-
rence of several chlorophenols (4-chlorophenol, 2,4-di-
chlorophenol, 2,4,5-trichlorophenol, 2,4,6-trichlorophe-
nol and tetrachlorophenol) was noted. Generally, it is
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known that chlorophenols reach the surface water as a re-
sult of the activity of chemical, cosmetic, pharmaceutical
and other industries [1]. Chlorophenols also are formed
during production, use and degradation of phenoxyher-
bicides such as 2,4-dichlorophenoxyacetic acid (2,4-D)
[25] or 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) [26].
Those compounds also are used as biocides. For ex-
ample, 2-chlorophenol (2-CP), 2,4-dichlorophenol (2,4-
DCP) and 2,4,5-trichlorophenol (2,4,5-TCP) are used as
herbicides, 4-chlorophenol (4-CP) is used as a fungicide
[2] and pentachlorophenol (PCP) is commonly applied
as an insecticide [20]. Similarly, industrial activity [27]
use and degradation of pesticides [28] and environmental
transformation of biphenyls lead to creation of chlorocat-
echols such as 4-chlorocatechol and 3,4,5-trichlorocate-
chol (determined only in one sample water of £.6dz). Tet-
rachloroguaiacol, 4,6-dichloroguaiacol, trichlorosyringol
and 3-chlorosyringol are formed mainly as a result of the
activity of the paper industry in the process of bleaching
(chlorinating) wood pulp. This process leads to tearing
of phenylpropanoid biopolymer structure of lignin and
chlorination of its subunit-monomers (methoxyphenols)
[9, 29]. Moreover, guaiacol and its chlorinated deriva-
tives are producted as the components used in the chemi-
cal and pharmaceutical industries, plus in medicine and
stomatology [23].

Some of described compounds are formed by living
organisms. Catechol and vanillin are produced by plants
[30] and the formation of chloroguaiacols and chlorosy-
ringols results from the activity of fungi from Basidio-
mycetes order [31]. All of the described compounds un-
dergo different biotic and abiotic transformations in the
environment that lead to the creation of catechols from
phenols — hydroxylation proccess [32] - or methoxyphe-
nols - O-methylation [26]. The presence of compounds,
expecially of those highs substituted in chlorine such as
2,4,5-trichlorophenol, 2,4,6-trichlorophenol, tetrachloro-
phenol or trichlorosyringol, may also be related with pro-
cesses of water chlorination (using oxidants such as gas
chlorine or dioxide chlorine) that lead to the substitution
of aromatic compounds by chlorine atoms [33, 34]. Tet-
rachlorophenol, for example, seldom exists in the aque-
ous environment and its presence most probably results
from water chlorination.

It is quite probable that some of the detected phe-
nols and especially their methoxylated derivatives were
formed during chlorination of humus substances that oc-
curr in water, as described by Bityk [16]. High quantities
of sludges containing humus substances characterizes
Sulejowski Lake [35], whose water is used for the £.6dz
agglomeration. That may influence high concentrations
of tetrachloroguaiacol and syringols determined in the
drinking water of a given city. Lower quantity of organic
matter usually present in the fluvial (river) water used for
Warszawa, Wroctaw and Poznan probably affects consid-
eraly lower concentrations of those compounds.

The highest concentrations of chlorophenols of an-
thropogenic origin determined in annual cycle were noted

in drinking water of Warszawa supplied from the section
of the Vistula River situated within the city. The Vistula
is strongly polluted by municipal activity of the city - in
2000 the values of physico-chemical parameters deter-
mined in river beneath the city exceeded the addmisible
standards [36]. As it is also known, municipal sewage of-
ten contains chlorophenols [37].

The highest total concentrations of the compounds de-
termined were noted in tap water collected in £L.6dZ and
Wroctaw. Considerable concentrations of determined com-
pounds in tap water of L6dZ stem from mentioned high
quantities of humus substances that become precursors of
methoxyphenols during water chlorination. Determined
5,6-dichlorovanilin may be formed during water treat-
ment from vanilin that is produced by conoferous trees,
abudantly growing on the banks of Sulejowski Lake [30].
The presence of notable concentrations of phenols in drink-
ing water collected in Wroctaw may results from using gas
chlorine in a final step of its purification. As we know, gas
chlorine usually generates higher amounts of chlorinated
compounds than chlorine dioxide [16] that it uses in the
purification plants of £.6dz, Warszawa and Poznan.

In winter a decrease in the number of compounds de-
termined was noted in comparison to summer. That results
mainly from inactivity of plants that usually produce some
precursors of disccusing compounds and lower temperature
of water (the temperature of surface water in Poland in win-
ter is almost 20°C lower in comparision to summer). Lower
temperatures decrease the solubility of phenols and their pre-
cursors and capacity of their migration in the environment.
Tetrachlorophenol and 2,4,5-trichlorophenol were the most
noxious compounds determined in samples. Concentration
0f2,4,5-TCP in Warszawa water were 0.330 pg/l in summer
and 0.350 pg/lin winter and its concentration in water collect-
ed in £6dz in winter was 0.486 ug/l. 2,4,5,6-TeCP existed at
0.221 pg/l in samples collected in summer in Wroctaw. The
concentrations of the discussing compounds exceeded ad-
missible standards assigned by EU and US Environmental
Protection Agencies. In some cases considerable concen-
trations of chlorinated methoxyphenols also were noted in
summier. This refers to tetrachloroguaiacol (0.245 pg/l) and
5,6-dichlorovanillin detected in drinking water collected in
Lodz.
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