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Abstract—A procedure is developed for the simultaneous highly sensitive determination of eight chlorophe-
nols in sea water based on a combination of isotope dilution, solid-phase extraction on an octadecyl adsor-
bent, acetylation, and determination by gas chromatography–tandem mass spectrometry with electron ion-
ization. The attained limits of detection for the analytes are in the range 0.06−0.26 ng/L, which is 2−3 orders
of magnitude lower than the standards established for the maximum permissible concentration. The duration
of analysis is 15 min. The application of a deuterated internal standard ensures the high accuracy and repro-
ducibility of the results obtained. The developed procedure was successfully used for the analysis of real water
samples from the Barents Sea; the found total chlorophenol concentration in them was 15–24 ng/L. The
main pollutant of the studied sea water samples is 2,4-dichlorophenol, which comprised about 30% of the
total concentration of chlorophenols.
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Chlorophenols belong to priority environmental
pollutants of human origin because of their high toxic-
ity, trend to accumulate in fat tissue and various organs
and, as a result, in food chains. The sources of chloro-
phenols are enterprises of organic synthesis, pulp and
paper industry (chlorine bleaching of cellulose), water
purification and water disposal stations (disinfection
of tap water and sewages by chlorine and chlorine-
containing reagents), and the production and applica-
tion of antiseptic compositions and plant protection
agents [1, 2]. The real danger of the ingress of chloro-
phenols to the environment is substantially deter-
mined by their ability to dimerize under certain condi-
tions with the formation of superecotoxicants, poly-
chlorinated dioxins and dibenzofurans [3–5],
possessing high carcinogenic activity. The toxicity of
chlorophenols considerably increases with an increase
in the number of chlorine atoms in the molecule. The
World Health Organization standardized four com-
pounds of this class (2-chlorophenol, 2,4-dichloro-
phenol, 2,4,6-trichlorophenol, and pentachlorophe-
nol) of the 19 existing ones. The maximum permissi-
ble concentration of the first three compounds was
established at the level 0.1 μg/L for drinking waters
[6–8]. For pentachlorophenol, in view of its high car-
cinogenic activity, the value of the maximum permis-
sible concentration was reduced to 0.03 μg/L [9].

Because of the growing interest to the study of envi-
ronmental conditions of ecosystems of Arctic seas,

extremely sensitive to the ingress of xenobiotics, prob-
lems of the determination of organochlorine com-
pounds in sea water at lower concentration levels have
gained special importance. A specific feature of sea
water as a matrix with a high concentration of salts and
various organic impurities and also the necessity of
work with ultratrace amounts of ecotoxicants impose
very strict requirements on the methods for the deter-
mination of chlorophenols and stimulate the develop-
ment of new approaches to preconcentration, derivat-
ization, and instrumental aspects of analysis. In the
present-day analytical practice, such problems are
solved by methods of liquid and gas chromatography
(Table 1). An advantage of HPLC is a possibility of the
direct determination of chlorophenols; however, gas-
chromatographic methods have not lost their impor-
tance because of a possibility of the separation of a
great number of compounds in the analysis of complex
matrixes and the weaker effect of matrix components
on the result of analysis. Two types of detectors, ensur-
ing the high sensitivity of the method, i.e., mass spec-
trometry [10, 11, 14, 15] and electron-capture [12, 13,
16], are used in combination with the gas-chromato-
graphic separation of chlorophenols.

The preliminary extraction and preconcentration
of analytes are performed by various methods of
extraction, including liquid−liquid [14], solid-phase
(SPE) [10, 11, 13] and solid-phase microextraction
[12, 17]. To increase the volatility of chlorophenols,
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HIGHLY SENSITIVE DETERMINATION OF CHLOROPHENOLS IN SEA WATER 993
suppress undesirable reactions, and improve separa-
tion, analysts use their acetylation by acetic anhydride
[10, 15–17].

It should be noted that the application of electron-
capture detection ensures the high sensitivity of analy-
sis mainly for compounds with a great number of hal-
ogen atoms in the structure, whereas for mono- and
dichlorophenols, mass spectrometry demonstrates a
considerable gain in limits of detection (LOD). Nev-
ertheless, even using mass spectrometry detection, the
values of the limits of detection for chlorophenols at
the level of several nanograms per liter were attained
only in some works [11, 15]. The further increase of the
sensitivity of analysis is possible through an increase in
the rate of sample preconcentration and an increase in
the selectivity of detection. In our opinion, this prob-
lem can be successfully solved through the application
of the method of gas chromatography–tandem mass
spectrometry (GC−MS/MS) combined with the iso-
tope dilution of samples.

The aim of this work was the development of a pro-
cedure for the simultaneous determination of chloro-
phenols in aqueous solutions, including preconcen-
tration by SPE, preparation of volatile esters by acetyl-
ation, and the determination of derivatives by
GC−MS/MS, and also the application of the devel-
oped procedure to the analysis of sea water.

EXPERIMENTAL
Test samples. The samples of surface sea water were

taken in the Barents Sea along the coast of the Novaya
Zemlya archipelago during sea studies on the research
vessel Professor Molchanov in June, 2015 within the
joint project of Rosgidromet and the Northern (Arc-
tic) Federal University “Arctic Floating University”.
The samples were collected to 1-L glass vessels, pre-
served with a sodium thiosulphate additive [18] to the
concentration 80 mg/L and, stored at 4°C before
extraction.

Reagents and materials. The analytes were eight
commercially available compounds: 2-chlorophenol,
3-chlorophenol, 4-chlorophenol, 2,4-dichlorophe-
nol, 2,6-dichlorophenol, 2,4,5-trichlorophenol,
2,4,6-trichlorophenol, and pentachlorophenol. The
solutions were prepared from preparations of purity >
99% purchased from Merck (Germany). 2-Chloro-
phenol-3,4,5,6-d4, 98 at. % D (Aldrich, Germany)
was used as an isotopically labeled internal standard.

Samples were prepared using methanol, dichloro-
methane, acetone of HPLC grade (Merck, Germany),
grade 0 hexane (Kriokhrom, Russia), formic acid
“ACS Reagent, puriss. p. a.” (Sigma-Aldrich, United
States), sodium hydroxide of high-purity grade
(Nevareaktiv, Russia), and high-purity water obtained
using a Milli-Q system (Millipore, France).

Model solutions of chlorophenol in sea water were
prepared using a sample of Barents Sea water free from
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 73  N
chlorophenols (concentrations were lower than the
limits of detection). To obtain it, a water sample con-
taining the minimum amount of analytes was addi-
tionally purified by solid-phase extraction and boiling.

Preparation of solutions. Stock solutions of chloro-
phenol and of the internal standard in acetone with the
concentration 10 mg/mL were prepared by dissolving
precisely weighed portions and stored at –18°C for no
more than one month. By mixing stock solutions of
analytes and consecutively diluting them with acetone,
we prepared working solutions of a mixture of chloro-
phenols with the concentration of each component
0.01 mg/mL. The solution obtained was stored at 4°C
for no more than one week.

Model and calibration solutions of analytes were
prepared immediately before the experiment by dilut-
ing the working solution with a 0.1 M solution of
NaOH to the required concentration.

Solid-phase extraction. Samples of sea water were
extracted with a vacuum system on Strata C18 car-
tridges (Phenomenex, United States) of the volume
6 mL, which contained 500 mg of a reversed-phase
adsorbent. The adsorbent was prepared according to
the procedure [19]: washed with 10 mL of dichloro-
methane and dried, after which 10 mL of methanol
and 10 mL of a 0.5% aqueous solution of HCOOH
were consecutively passed through it. A 25-μL portion
of the internal standard solution was added to 100 mL
of filtered sea water; the mixture was acidified to pH 2
by adding 1 mL of formic acid and then passed
through a cartridge at a rate of about 5 mL/min. Then
the cartridge was washed with 10 mL of a 1% aqueous
solution of HCOOH, dried with a nitrogen flow
within 30 min, and the adsorbed analytes were eluted
with 10 mL of dichloromethane. The extract was evap-
orated at 60°C in a nitrogen f low to the volume 1 mL
and back extracted with 0.5 mL of a 0.1 M NaOH
solution. The extract obtained was acetylated and ana-
lyzed by chromatography−mass spectrometry.

Preparation of derivatives. Acetylation was per-
formed similar to the procedure [20] adapted for use of
microvolumes of reagents. A 250-μL portion of hex-
ane and 25 μL of each of acetic anhydride and metha-
nol (for the better layering of the solution) were added
to 500 μL of an alkaline extract of sea water or model
solutions in a microcentrifuge test tube. In the case of
model solutions, a solution of the internal standard
was added before the introduction of the reagents. The
mixture was stirred on a shaker at room temperature
within 20 min. After that, 20 μL of HCOOH (for the
precipitation of organic acids from the sample matrix)
was added and the mixture was stirred and centrifuged
for 5 min. The upper hexane layer was collected with a
pipetter, transferred to conical glass inserts for chro-
matographic vials of the volume 200 μL and evapo-
rated in a nitrogen flow at 60°C to a volume of about
25 μL, and then analyzed by chromatography−mass
spectrometry.
o. 10  2018



994 POKRYSHKIN et al.
Determination by chromatography−mass spectrom-
etry was performed in the mode of selected reaction
monitoring (SRM) using an Agilent 7890/7000B GC-
MS/MS system (Agilent, United States), which con-
sisted of an Agilent 7890A gas chromatograph
equipped with an Agilent 7693A autosampler and an
Agilent 7000B tandem mass spectrometry detector
with triple quadrupole. Separation was performed on
an HP-5ms capillary column (Agilent, United States),
30 m × 0.25 mm, thickness of stationary phase layer
0.25 μm. We used the following parameters of work of
the chromatograph−mass spectrometer: carrier gas
helium (brand 6.0), pressure control of gas f low rate
(flow rate through the column 1 mL/min), electron
ionization (70 eV), temperature of the interface and
ion source 230C°, voltage on the detector 1.2 kV (auto-
matic adjustment). Nitrogen was used as a collision
gas and helium as a buffer gas in the collision cell. As
was found in preliminary experiments, the change in
the flow rate of buffer gas in the range 0.5−2 mL/min
had no significant effect on the sensitivity of analyte
determination; in this regard, this parameter was set at
the level 1 mL/min, recommended by the manufac-
turer. The variation of the f low rate of collision gas
within the same limits showed that, for all of the cho-
sen analytes, the maximum signal intensity in the
SRM mode was also reached at the value 1 mL/min,
which was used in the further experiments. We used a
time program of the registration of ion transitions; for
all of the studied compounds, the time of detection of
each selected reaction was 30 ms. The control of the
chromatograph−mass spectrometer and data collec-
tion and processing were performed using the
MassHunter software (Agilent, United States).

RESULTS AND DISCUSSION
Mass spectrometry detection. The electron ioniza-

tion of chlorophenol derivatives was accompanied by
easy deacetylation, which resulted in the prevalence of
signals of molecular ions of corresponding chlorophe-
nols in the mass spectra. In this regard, they were cho-
sen as precursor ions for mass spectrometry detection
in the SRM mode. Because of the isotope distribution
of chlorine, the maximum intensity for pentachloro-
phenol is typical for the isotope peak of the ion

 which we chose as the precursor
instead of the monoisotopic ion. The study of tandem
mass spectra on varying collision energy in the range
from 10 to 50 eV with a step of no more than 3 eV
allowed us to choose an analytical (with the most
intense signal) and confirming ion transitions for each
analyte and to determine the optimum values of colli-
sion energy for them (Table 2). As an additional crite-
rion of the reliability of analyte identification in the
analysis of real samples, we determined the intensity
ratio of the analytical and confirming ion transitions,
the admissible deviation for which from the estab-
lished value was accepted at a level of 20%.

+i35 37
6 4[C H Cl ClO] ,
JOURNAL OF
Chromatographic separation. The critical pair of
analytes for the optimization of chromatographic sep-
aration was comprised by 3-chlorophenol and 4-chlo-
rophenol, which were characterized by very close
retention times on a nonpolar stationary phase. At the
initial temperature of the thermostat 100°C, chosen
based on the necessity of the elimination of the effect
of solvent on the separation of low-boiling compo-
nents, the almost complete separation of the acetyl
derivatives of two chlorophenols was attained at the
rate of temperature increase no more than 10 K/min.
To shorten the duration of the analysis, after the elu-
tion of peaks of 3-and 4-chlorophenol, temperature
gradient was increased to 40 K/min. The use of an
optimized temperature program with a two-step gradi-
ent (storage at 100°C for 2 min., raise to 150°C at a rate
of 10 of K/min, raise to 250°C at a rate of 40 of K/min,
storage at 250°C for 3 min) allowed us to almost com-
pletely separate the target compounds (for 3-chloro-
phenol and 4-chlorophenol Rs = 1.51) and to provide
an acceptable duration of the separation, 12.5 min.
(Fig. 1). Taking into account the necessity of cleaning
the chromatographic column after the determination
at 300°C within 2.5 min, the total duration of an ana-
lytical cycle was 15 min.

It was found that the best separation of the critical
pair of analytes at the maintaining of the maximum
sensitivity was reached at f low splitting of 1 : 10 and the
volume of the injected sample of 2 μL. Taking into
account the low concentration of analytes in the real
samples, and also a necessity of the study of a matrix
with the high concentration of salts and impurities of
organic substances, an important role in obtaining
reliable results and the achievement of high sensitivity
is played by the proper choice of a liner. The highest
signal-to-noise ratio at the maintaining of the ability
to capture nonvolatile sample components is provided
by liner with a Jennings cup, deactivated and without
glass wool.

Quantitative analysis. To attain the maximum sen-
sitivity of analysis, one should ensure the high recov-
eries of analytes in SPE from the matrix of sea water. A
comparison of the chromatographic peak areas of ana-
lytes for model solutions with the concentration
2000 ng/L (without preconcentration) and for sea
water with the concentration of chlorophenols 10 ng/L
after 200-fold SPE-preconcentration followed by
acetylation showed that the used procedure ensures
the recoveries of analytes in the range 70–100%.

Based on the analysis of a series of model solutions
with different concentrations of analytes and of the
deuterated standard, it was found that the depen-
dences of the ratio of chromatographic peak areas of
chlorophenol and the internal standard (Si/Sst) on the
corresponding ratio of their concentrations (ci/cst)
were linear in the wide range of concentrations, cover-
ing not less than 3 orders of magnitude, and was
described by the equation y = ax with the coefficients
 ANALYTICAL CHEMISTRY  Vol. 73  No. 10  2018
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Table 2. Parameters of the mass spectrometry detection of chlorophenols in the mode of selective reaction monitoring

* Used for registering the analytical ion transition.

Compound Precursor ion, m/z Product ion, m/z Collision energy, eV Intensity ratio 
of ion transitions

2-Chlorophenol 128.0 63.1* 17 1.0
64.1 30

2-Chlorophenol-d4 132.0 68.0* 17 1.0
66.1 33

3-Chlorophenol 128.0 65.1* 20 2.0
39.2 37

4-Chlorophenol 128.0 65.1* 20 1.9
39.2 37

2,6-Dichlorophenol 162.0 98.0* 17 2.9
63.1 30

2,4-Dichlorophenol 162.0 98.0* 15 2.2
63.1 30

2,4,6-Trichlorophenol 195.9 132* 17 2.4
97 33

2,4,5-Trichlorophenol 195.9 132* 17 3.7
97 33

Pentachlorophenol 265.8 201.6* 17 2.4
166.8 30
of correlation (R2) higher than 0.99 for the majority of
analytes (Table 3). It should be noted that, for 2-chlo-
rophenol, coefficient a was not equal to unity, as it
should be expected based on the identity of the chem-
ical properties of this analyte and its deuterated analog
used as an internal standard. This fact can be
explained by the difference in the efficiency of elec-
tron ionization and collision-activated dissociation of
these compounds because of the difference in energies
of C–H and C–D bonds [21].
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 73  N

Fig. 1. A chromatogram of a standard solution containing 5 mg/
rophenol, (4) 2,6-dichlorophenol, (5) 2,4-dichlorophenol, (6) 2
chlorophenol in the selected reaction monitoring mode. 
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The values of the limits of detection, LOD and
lower limits of quantitation, LOQ were determined by
extrapolating linear dependences to the achievement
of the signal-to-noise ratio to 3 and 10, respectively.
The obtained values were confirmed and refined by
analyzing a model solution of chlorophenol in sea
water with the concentrations of analytes close to the
LOQ value (Fig. 2). The attained values of the limits of
detection were almost 10 times lower in comparison to
those in HPLC with preliminary solid-phase
extraction [11] and 2–3 orders of magnitude lower
o. 10  2018

L of each of (1) 2-chlorophenol, (2) 3-chlorophenol, (3) 4-chlo-
,4,6-trichlorophenol, (7) 2,4,5-trichlorophenol, and (8) penta-

9.5 10.510.0 11.0 11.5 12.0
min

7 8
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Table 3. Parameters of linear dependences of relative chromatographic peak areas (Si/Sst) on relative concentration (ci/cst),
limits of detection, and lower limits of quantitation of analytes in sea water

Compound a R2 Linearity range, ng/L LOD, ng/L LOQ, ng/L

2-Chlorophenol 1.47 0.995 0.3–300 0.09 0.30

3-Chlorophenol 3.15 0.990 0.4–300 0.11 0.36

4-Chlorophenol 4.02 0.993 0.4–300 0.12 0.40

2,6-Dichlorophenol 3.59 0.995 0.3–300 0.09 0.30

2,4-Dichlorophenol 1.66 0.998 0.2–350 0.06 0.20

2,4,6-Trichlorophenol 4.03 0.985 0.5–300 0.14 0.46

2,4,5-Trichlorophenol 3.00 0.984 0.3–300 0.09 0.30

Pentachlorophenol 1.07 0.965 0.9–400 0.26 0.86
than in the majority of the known gas-chromato-
graphic procedures (Table 1).

The results of testing the developed procedure by
the spike-recovery test (Table 4) indicate that the level
of accuracy of the results of analysis is high because of
the use of the internal standard. The values of this
parameter for the studied analytes lie in the range 85–
107%, even for the very low concentration about
10 ng/L. The maximum random error of the results of
analysis was observed for pentachlorophenol and was
as high as 16% (n = 9, P = 0.95), which may be con-
sidered acceptable in the determination of trace con-
centrations, significantly lower than the established
standards.

Analysis of sea water. The developed procedure was
successfully tested in the analysis of real samples of sea
water, which were selected during the sea studies near
the Novaya Zemlya archipelago from the continental
coast to its northernmost tip (Cape Zhelaniya). The
results of analysis (Table 5) indicate that the attained
JOURNAL OF

Fig. 2. A chromatogram of a model solution of sea water with 1 n
dichlorophenol and 0.5 ng/L additives of (2) 3-chlorophenol, (
chlorophenol, and (8) pentachlorophenol. 
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sensitivity level is sufficient for the determination of
the majority of chlorophenols in sea waters with the
low level of man-made pollution. The found concen-
trations of analytes lie in the range up to 10 ng/L and
cannot be reliably determined using the majority of
the earlier described procedures. The total concentra-
tions of chlorophenols in all of the studied water sam-
ples differ slightly and lie in the range 15–24 ng/L,
which is, probably, because of the fare distance of
sampling regions from the sources of pollution and a
good stirring of sea waters. The main pollutant in the
studied group of compounds is 2,4-dichlorophenol; it
comprises about 30% of the total amount of chloro-
phenols. The concentrations of 2,4,5-trichlorophenol
and pentachlorophenol in all samples do not exceed
the LOQ values; nevertheless, the first compound was
found in the majority of samples and the second, in
the water sample selected at the northernmost tip of
the Novaya Zemlya archipelago.
 ANALYTICAL CHEMISTRY  Vol. 73  No. 10  2018

g/L additives of (1) 2-chlorophenol, (3) 4-chlorophenol, (5) 2,4-
4) 2,6-dichlorophenol, (6) 2,4,6-trichlorophenol, (7) 2,4,5-tri-

9.5 10.510.0 11.0 11.5 12.0
min

7 8
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Table 4. Check of the accuracy of the determination of chlorophenols in sea water by the spike-recovery test (n = 9, P = 0.95)

Compound Added, ng/L Found, ng/L Accuracy, %

2-Chlorophenol 13.8 14.7 ± 1.1 107 ± 7
3-Chlorophenol 11.1 10.2 ± 0.5 92 ± 5
4-Chlorophenol 14.2 14.4 ± 0.6 101 ± 4
2,6-Dichlorophenol 15.7 16.4 ± 1.6 104 ± 10
2,4-Dichlorophenol 11.7 11.1 ± 0.6 95 ± 5
2,4,6-Trichlorophenol 14.0 11.9 ± 0.9 85 ± 8
2,4,5-Trichlorophenol 14.4 12.5 ± 1.0 87 ± 8
Pentachlorophenol 13.9 12.9 ± 2.1 93 ± 16

Table 5. Results (ng/L) of determinations of chlorophenols in water samples from the Barents Sea

* Compound is detected in the concentration lower than LOQ but above LOD.

Sampling 
place Coordinates 2-Chloro-

phenol
3-Chloro-

phenol
4-Chloro-

phenol

2,4-
Dichloro-

phenol

2,6-
Dichloro-

phenol

2,4,5-
Trichloro-

phenol

2,4,6-
Trichloro-

phenol

Penta-
chloro-
phenol

Totally

Matveev 
Island

69°28.416′ N
58°28.074′ E

1.8 2.2 0.65 6.2 2.0 +* 2.1 – 15

Cape 
Belyi Nos

69°36.108′ N
60°09.748′ E

2.9 3.3 0.65 9.3 3.8 +* 4.2 – 24

Settlement 
Varnek

69°41.143′ N
60°08.825′ E

2.9 2.6 0.70 8.7 3.7 +* 3.8 – 22

Cape 
Zhelaniya

76°56.528′ N
68°32.407′ E

3.4 2.2 0.65 10 3.5 +* 4.6 +* 24

Oranskie 
Islands

77°02.657′ N
67°43.830′ E

2.9 2.6 0.50 8.2 3.6 – 4.4 – 22

Russkaya 
Gavan’ Bay

76°11.735′ N
62°37.559′ E

2.7 3.3 0.60 6.7 3.3 – 4.7 – 21
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