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Abstract

Fourteen phenolic compounds: catechol, phenol, 4-nitrophenol, 4-methylphenol, 2,4-dinitrophenol, 2-nitrophenol, 2-
chlorophenol, 4-chlorophenol, 3-chlorophenol, 4-chloro-3-methylphenol, 2,4-dimethylphenol, 2,4-dichlorophenol, 2.4,6-
trichlorophenol and pentachlorophenol, which are included in the priority pollutants list of the US Environmental Protection
Agency and in the European Union list 76/464, were determined in water by liquid—solid extraction (LSE) followed by
liquid chromatography with UV detection (LC-UV). Three different polymeric sorbents were used: Isolute ENV+,
Lichrolut EN and Porapak RDX. The developed method involves the use of automated sample preparation with extraction
columns (ASPEC XL) for automated sample preconcentration and a Baker LSE 12G apparatus with the vacuum set at 15
p.s.i. (1 p.s.i.=6894.76 Pa) for the drying step. The recoveries varied from 70 to 100% (except for catechol) on
preconcentrating 700—1000 ml of a 5 g/l solution, pH 2.5-3. The stability of the target compounds on Isolute ENV+ was
evaluated by storing the sorbent material at —20°C, 4°C and at room temperature for up to three months. Complete recovery
was observed after storage at —20°C for two months. At room temperature, losses of up to 70% were observed for phenol,
catechol and the more volatile phenols. The stability of the phenolic compounds was dependent on the water matrix, the
storage temperature and on physico chemical properties, such as vapor pressure and water solubility. © 1997 Elsevier
Science BV.
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1. Introduction persistence in the environment, a variety of phenols

were included in different monitoring programs, such

Phenolic compounds are chemical substances that
are present in many industrial processes and, as a
consequence, they are released in many industrial
effluents and waste water. Due to their toxicity and

*Corresponding author.

as those of the US Environmental Protection Agency
(EPA) and of the European Union (EU).
Determination of phenolic compounds in water, in
the range of 0.1 to 0.4 g/l is especially difficult, as
reported in a few inter-laboratory studies [1]. The
extraction and recovery of all phenolic compounds

0021-9673/97/$17.00 © 1997 Elsevier Science BV. All rights reserved

PII S0021-9673(97)00313-0



302 M. Castillo et al. | J. Chromatogr. A 778 (1997) 301-311

present difficulties, due to their wide range of
polarities and the relatively high vapor pressure that
enhances losses by volatilization. As a consequence,
there is a need to develop more efficient extraction
and stability methods for phenolic compounds from
water matrices.

Regarding the isolation of organic pollutants from
water, the US EPA methodology for the analysis of
priority phenols in water samples involves sample
acidification to pH 2 and dichloromethane liquid—
liquid extraction (LLE) [2,3]. However, LLE has
many drawbacks and there is a general trend to use
liquid—solid extraction (LSE) protocols instead of
the current LLE procedures [4].

LSE materials, such as cartridges, Empore disks or
packed in small precolumns for on-line procedures
were used in the preconcentration of phenols from
water samples. C,;-based sorbents were not suitable
for the simultaneous preconcentration of polar and
non-polar compounds, due to low breakthrough
volume (V;) of the more polar analytes. Break-
through for catechol, phenol and 4-nitrophenol
occurred when loading a 50-ml water sample on 500
mg of C,; sorbent [5]. Other sorbents, such as
C,5-OH (with a specific area of approximately 400
m’/g) and the polymeric sorbents that are based on
styrene—divinylbenzene, such as Amberlite XAD-2
or XAD-4 [6,7] or PRP1 [8], improved the results
obtained with C,, (110 m*/g of specific area) even
though the preconcentration of polar compounds was
not completed [9]. The use of polymeric phases with
a high cross-linking grade and specific area (Li-
Chrolut EN, Isolute ENV+, Porapak RDX, Am-
berchrom, Envi-chrom, PLRP-S) should be able to
solve the enrichment problem, as reported for a
variety of analytes [6,7,10,11].

Analysis of the phenolic extract is usually per-
formed by gas chromatography (GC) of derivatized
samples, but derivatization of phenols is not straight-
forward [11]. Recently, the EPA has reported a new
protocol (method 8041) [12], which recommends the
derivatization of phenols to methylated phenols
instead of to pentafluorobenzoyl ether derivatives.
However, this method requires the use of diazo-
methane, which is carcinogenic and explosive, and
the potential hazards associated with its use are well
known. Liquid chromatography (LC) is a good
alternative to GC and it overcomes the above-men-

tioned limitations. The absence of derivatization
requirements and the possibility of on-line coupling
with LSE has made LC a very applied separation
technique for the analysis of phenolic compounds
using C,; or C; columns (in most cases) and UV
detection at 280 and 310 nm (for nitrophenols and
pentachlorophenol) [9,10,13]. Diode array detectors
[14] and electrochemical detection [15] have also
been used. In the last few years, the coupling of LC
with mass spectrometry (MS) became a good alter-
native to classical LC detectors, especially with the
advantage of atmospheric pressure (API) LC-MS
interfaces [16].

The EPA’s recommended method for the stabiliza-
tion of phenolic compounds in water (using a glass
container and water that was acidified to pH 3 and
stored at 4°C) led to 15% losses for some phenolic
compounds {9]. Referring to the stability study, it is
remarkable the absence of experiments done with
these compounds preconcentrated in polystyrene—
divinylbenzene polymeric sorbents. Previous studies
were carried out in our laboratory for a variety of
pesticides and sorbent materials [17-19]. In this
way, safe transport and storage of water samples
could be achieved. Other studies showed that the
stability of organic pollutants stored in LSE discs
were, in general, better than those obtained when
storage was carried out in a water matrix [20,17].

The objectives of this paper were: (i) To compare
the behaviour of three different sorbents (Isolute
ENV+, LiChrolut EN and Porapak RDX) for the
preconcentration of a variety of phenolic compounds
from water samples, (ii) to apply the developed
method to the determination of phenolic compounds
in waste water effluents, with LC~MS confirmatory
analysis and (iii) to perform stability studies under
three different storage conditions (room temperature,
4°C and —20°C) in one polymeric cartridge material.
To our knowledge, such a study has not been
undertaken previously for this group of pollutants
and using the methodology presented in this paper.

2. Experimental
2.1. Chemicals

HPLC-grade water, methanol and acetonitrile were
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obtained from Merck (Darmstadt, Germany) and
were passed through a 0.45-pm membrane filter
before use. Phenolic compounds were purchased
from Merck, except for catechol and phenol, which
were from Sigma (St. Louis, MO, USA) and 3-
chlorophenol, which was from Aldrich (Milwaukee,
WI, USA).

2.2. Ligquid chromatography—UYV detection

Experiments were performed using an automated
sampler processor from Gilson (Villiers-le-Bel,
France). This system includes one automatic sampler
processor, model ASPEC XL, equipped with two
Rheodyne six-port valves, one high-pressure pre-
concentration pump, model 305, one low-pressure
pump, model 401C, one eight-port valve, model 817,
valve actuator. The HPLC system was purchased
from Gilson and consists of two pumps (model 305),
one 811c dynamic mixing chamber, an 805 man-
ometric module and a UV detector, model 117.

Gradient elution was performed using acetonitrile—
water, both acidified with 1% acetic acid, with the
following gradient: from acetonitrile—water (30:70,
v/v) in isocratic mode over 15 min to 100% acetoni-
trile over 15 min and back to the initial conditions in
5 min, at a flow-rate of 1 ml/min. A Hypersil Green
ENV column (150X4.6 mm LD.), equipped with a
guard column, was used (both were from Shandon
Hypersil, Cheshire, UK).

2.3. LC atmospheric pressure chemical ionization
(APCD)-MS conditions

A VG Platform from Fisons Instruments (Man-
chester, UK), equipped with a standard atmospheric
pressure ionization (API) source that can be con-
figured as APCI or ion spray ionization (ISP) was
used. The APCI interface consists of a heated
nebulizer probe and the standard atmospheric pres-
sure source was equipped with a corona discharge
pin. For APCI experiments, the source and probe
temperatures were set at 150 and 400°C, respective-
ly. The corona discharge voltage was maintained
between 2 and 3 kV and the cone voltage was
optimized between 10 and 70 V. The counter elec-
trode high voltage (HV) lens voltage was set at 0.18
kV. The chromatographic conditions were the same

as those reported above for LC-UV. In full scan
mode, the scan range was from 90 to 400 m/z in
negative ion (NI) mode.

2.4. Sample preparation

Automated sample preparation with extraction
columns (ASPEC XL) was used. The system was
fitted with an external 306 LC pump for the dispens-
ing of samples through the LSE cartridges and with
an 817 switching valve, for the preconcentration of
water samples.

Ground water samples (pH=8.0, 75 mg/! nitrate,
387 mg/l sulfate, 254 mg/l Ca, 88 mg/l Mg;
conductivity, 2020 ws/cm) were spiked to give a
final concentration of 5 g/l of each phenolic
compound and these were acidified to pH 2.5-3
immediately before extraction. Preconcentration was
performed using the ASPEC XL system by means of
disposable 6 ml cartridge columns packed with 200
mg of LiChrolut EN from Merck, with 200 mg of
Isolute ENV+ from International Sorbent Technolo-
gy (Cambridge, UK) and with 500 mg of Porapak
RDX from Waters (Milford, MA, USA). All sorbents
were based on polystyrene—divinylbenzene poly-
mers. Conditioning of the sorbents was accomplished
by passing 7 ml of methanol and 3 ml of water
through the cartridges at a flow-rate of 1 ml/min.
The sorbent was not allowed to dry and different
volumes (300, 500, 700, 1000 and 1500 ml) of a
spiked water sample were loaded. The drying step
was carried out using a Baker LSE 12g apparatus
connected to a vacuum system with pressure set at
15 p.si. (1 ps.i.=6894.76 Pa) (negative pressure).
Drying took 20-30 min. The elution step was
performed by adding 2X5 ml of acetonitrile to the
cartridge and waiting 5 min between the two aliquots
in order to keep a good contact time between the
solvent and the trapped compound. The final evapo-
ration step of the extra solvent was carried out with a
stream of nitrogen, which evaporated approximately
17 pl of the extract per minute. The extracts were
concentrated to a final volume of 0.5 ml. Special care
was needed in the evaporation step in order to avoid
losses of the more volatile compounds. Finally, the
extract was diluted with 0.5 ml of HPLC-grade water
and 20 pl were injected into the L.C system.
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2.5. Quantitation

External calibration was used for quantitation. A
series of injections of the target compounds (2.5, 5,
10, 20 and 30 ng) were used to obtain the calibration
graphs and to determine the calibration equations,
which were linear over the studied range (see Table
1). The limits of detection (1.ODs) were determined
by injecting sample extracts that were serially diluted
until the signal-to-noise ratio (S/N) for any single
analyte reached a value of three. The limits of
quantification (LOQs) were calculated from LODs
by applying a factor of 3.3. Repeatability studies
were performed (n=35) to establish the relative
standard deviation (R.S.D.) of the method.

2.6. Stability study

Although the recovery study was performed using
LiChrolut EN, Isolute ENV+ and Porapak RDX
sorbents, the stability study of the phenolic com-
pounds was carried out using only Isolute ENV+.
This was because both LiChrolut EN and Isolute
ENV+ showed similar efficiency for the preconcen-
tration of target compounds in water samples up to
500 ml, according to the R.S.D. of the method. In
contrast, Porapak RDX turned out to be unsuitable
for the preconcentration of phenols (see Table 2)
and, therefore, was excluded from the stability study.

After conditioning, preconcentration of a 500-ml
ground water sample spiked to 5 pg/l with each
phenolic compound and drying 36 cartridges of
Isolute ENV+, the columns were wrapped in alu-
minium foil and stored at —20°C, 4°C and room
temperature (RT) for a period of three months. After
0.5, 1, 2 and 3 months, the cartridges were thawed
for a period varying from 1-2 to 6-8 h, depending
on the storage conditions and, afterwards, they were
analyzed using the protocol described above.

3. Results and discussion

3.1. Recovery studies

Various elution volumes (2X3, 2X4 and 2X5 ml)
of methanol and acetonitrile were tested after pre-
concentrating the water sample containing phenolic
compounds. Acetonitrile enhanced the recovery of
all compounds, except catechol, which was more
easily eluted with methanol, due to hydrogen bond
interactions.

The evaporation step also needed to be optimized,
due to the high volatility of some of the target
compounds (e.g. phenol or catechol), which would
lower their recoveries. Four different methods for
concentrating the extract were tested: (i) Applying a

Table 1

Calibration equations (2.5 to 30 ng), LODs and LOQs for all target compounds

Compound Wavelength (nm) Equation® r LOD LOQ

(ng/l) (ng/l

Catechol 280 67 153.7+20 107.2W 0.99341 0.25 0.83
Phenol 280 —60 721.5+50 817.7W 0.99512 0.2 0.67
4-Nitrophenol 310 132 913.0+79 250.7W 0.99725 0.03 0.10
4-Methylphenol 280 8150.1+24 733.1W 0.99943 0.15 0.50
2-Chlorophenol 280 —62 751.14+72 176.7W 0.99942 0.05 0.17
2.,4-Dinitrophenol 310 —44 298.9+47 901.5W 0.99940 0.04 0.13
2-Nitrophenol 280 —15 988.0+56 714.4W 0.99809 0.025 0.08
4-Chlorophenol 280 3233.5+25 039.1W 0.99811 0.1 033
3-Chlorophenol 280 —14 660.1+12 747.9W 0.99854 0.9 3.00
2.4-Dimethylphenol 280 645.4+49 589.8W 0.99959 0.1 0.33
4-Chloro-3-methylphenol 280 —11565.1+26 142.2W 0.99845 0.15 0.50
2.4-Dichlorophenol 280 —25421.9+65 627.8W 0.99759 0.08 0.27
2,4,6-Trichlorophenol 280 —3292.8+866 605W 0.99905 0.6 2.00
Pentachlorophenol 310 —4423.1+8540.5W 0.99952 0.8 2.67

‘W=injected mass (ng).
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Table 2

305

Mean recoveries (%) and R.S.D.s (#=5) obtained on loading different sample volumes spiked to 5 wg/l with each phenolic compound on

LiChrolut EN, Isolute ENV+ and Porapak RDX

Compound Sample volume (ml)

Isolute ENV + Lichrolut EN Porapak RDX

500 1000 1500 500 1000 1500 500 1000 1500
Catechol 28 (13) 0 0 28 (11) 0 0 17(1D 0 0
Phenol 64(12) 59 (4) 33 (9) 79(15) 79 (7) 37(13)  51(9) 40 (9) 14 (12)
4-Nitrophenol 75(15) 74 (5) 68 (12) 89 (8) 87(13)  45(11)  55(13)  35(10)  25(10)
4-Methylphenol 65(12)  60(10) 50 (10) 93 (9) 91 (9) 38 (9) 40 (14)  26(11)  18(13)
2,4-Dinitrophenol 72 (13) 73 (10) 29 (11) 79 (15) 82 (10) 42 (10) 48 (10) 41 (11 22 (9)
2-Nitrophenol 69(14)  64(10)  37(9) 80(13) 83 (7) 44 (11)  54(11)  39(12) 21 (10)
2-Chlorophenol 79(16)  60(12)  54(13) 84 (10) 84 (8) 41 (8) 38(10) 29 (9) 21 (1)
4-Chlorophenot 70 (9) 60 (8) 60 (7) 86 (13) 89 (9) 41 (12) 50 (8) 35(13) 25(12)
3-Chlorophenol 62(13)  64(12)  62(11) 86 (12)  93(15)  43(10)  52(9) 33(13) 27 (9)
2,4-Dimethylphenol 64 (11) 55 (10) 53 (13) 76 (10) 81 (11) 37(11) 36 (8) 34 (10) 19 (11)
4-Chloro-3-methylphenol 72 (9) 65 (8) 61 (8) 86 (13)  86(10)  42(13)  SO(10)  37(l11)  27(l0)
2,4-Dichlorophenol 67(12) 62 (9) 59 (10) 80 (10) 86 (8) 42 (9) S3(14)  44(13)  25(14)
2,4,6-Trichlorophenol 85(10)  84(ll1)  68(12)  104(13)  92(7) 51 (9) 60 (10)  55(10) 50 (10)
Pentachlorophenol 81 (4) 65(10)  24(11) 89 (9) 87(13)  46(12)  47(11) 40 (9) 23 (11)

gentle stream of nitrogen, which caused the evapora-
tion of either 37 wl/min, (ii) or 17 pl/min of
solvent, (iii) rotary evaporation and (iv) the addition
of 80 pl of a 0.6-M methanolic solution of NaOH
followed by the application of a stream of nitrogen to
allow solvent evaporation to occur [13]. Methods (i)
and (iv) were ruled out, as low recoveries were
obtained for all target compounds (method i) and
catechol was lost completely (method iv). Methods
(ii) and (iii) yielded similar results, however, method
(ii) was chosen because it allowed the simultaneous
evaporation of twelve samples, using the LSE 12 g
apparatus, and did not lead to contamination of the
samples.

The results obtained using the optimized LSE
method for the preconcentration of phenolic com-
pounds in three different polymeric sorbents are
shown in Table 2. In all cases, breakthrough
occurred for catechol when volumes of sample
greater than 300 ml were used. This fact can be
attributed to the high polarity and affinity for water,
as shown in the physico chemical properties reported
in Table 3. Even though mononitrophenols have a
lower affinity for the sorbent than dinitrophenols,
slightly better recoveries were obtained for mononi-
trophenols.

There was no great difference between the results

obtained using Isolute ENV+ and LiChrolut EN,
based on the R.S.D. of the method, for the pre-
concentration of up to 500 ml water samples. Better
recoveries were obtained with LiChrolut EN at
higher sample volumes. With regard to the sorbent
Porapak RDX, the results showed that it is not
suitable for the preconcentration of phenolic com-
pounds, as breakthrough occurs on loading 300 ml of
water. It was not possible to determine the reason for
the different behaviours of the three sorbents, as the
necessary manufacturer’s data about the sorbents’
characteristics was not available. Nevertheless, the
similar specific surface areas for Isolute ENV+ and
LiChrolut EN (1100 and 1200 m*/ g) could explain
the similar recoveries obtained using both of these
sorbents.

Fig. 1 shows a comparative chromatogram be-
tween the preconcentration of 700 ml of ground
water spiked with 5 pg/1 of the phenolic mixture in
the three different polymeric sorbents.

Determination and quantification of all phenolic
compounds was possible by preconcentrating 500 ml
of ground water spiked to 5 pg/l in both Isolute
ENV+ and LiChrolut EN sorbents, leading to 80—
90% recovery for most of the analytes, whereas only
28% of the catechol was recovered. When it is not
necessary to determine catechol, the optimum load-
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Table 3
Physicochemical properties of target compounds ( [28-30])

Compound log K, ([29,30]) Vapor pressure (mm Hg) ( [28]) pK, ( [28.29))
Catechol NA 40 (118°C) NA
760 (245°C)
Phenol 1.46 1 (40°C) 9.9
760 (181°C)
4-Nitrophenol 2.04 (29) NA 7.08
1.90 (30)
4-Methylphenol 1.94 1 (53°C) NA
760 (201°C)
2-Chlorophenol 2.15 NA 8.56
2,4-Dinitrophenol 1.67 (29) 1 (49°C) 3.94
1.53 (30)
2-Nitrophenol 1.89 (29) 1 (12°C) 7.23
1.78 (30) 760 (210°C)
4-Chlorophenol 2.39 1 (49°C) 9.2 (28)
760 (220°C) 9.38 (29)
3-Chlorophenol 2.50 1 (44°C) NA
760 (214°C)
2,4-Dimethylphenol 242 NA 10.4
4-Chloro-3-methylphenol 3.10 NA 9.6
2.4-Dichlorophenol 3.23 1 (56°C) 7.6 (28)
760 (210°C) 7.85 (29)
2,4,6-Trichlorophenol 3.72 (29) 1 (76°C) 6.15
3.69 (30) 10 (120°C)
Pentachlorophenol 5.24 (29) 40 (200°C) 4.9 (28)
5.01 (30) 760 (300°C) 475 (29)

NA=Not available.
k,,, =octanol-water partition coefficient. 1 mm Hg=133.322 Pa.

ing volume in LiChrolut EN was 1 1, which led to
the same recovery as that reported for 500 ml.

3.2. Environmental waters

The developed method was applied to the pre-
concentration of river water samples. Fig. 2 illus-
trates the extraction of river water under neutral and
acidic conditions. Even though catechol and phenol
were better detected under neutral conditions, the
rest of the compounds suffered important losses
under these conditions. For example, nitro-deriva-
tives and pentachlorophenol were completely lost
when the extraction was performed under neutral
conditions. Consequently, further experiments were
performed with extraction being performed under
acidic conditions.

The LODs of the target compounds extracted in
natural waters are higher than those obtained in
HPLC-grade or potable waters, as expected [21]. The

ensuing method allowed the determination of 4-
chloro-3-methylphenol, 3-chiorophenol and 2,4,6-tri-
chlorophenol at the 0.1 wg/l level, catechol at the
0.25 g/l level and the rest of the compounds could
be quantified at concentrations lower than 0.1 pg/l,
which conformed with the determination level re-
quired by current EU legislation [22]. Fig. 3 shows
the chromatograms obtained on preconcentration of 1
and 0.5 1 of ground water, spiked to 0.1 pg/l and 0.5
pg/l with each phenolic compound, respectively.

3.3. Waste water

The method was used to determine priority
phenols in an industrial effluent from a pulp industry.
The pulp industry utilizes large amounts and a wide
variety of chemicals, as it uses various chemical
processes and discharges large volumes of effluents.
In some cases, the pulp is brightened or bleached by
a variety of chemical techniques, which give rise to
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Fig. 1. LC~UV chromatograms obtained after preconcentration of 700 ml of ground water spiked to a final concentration of 5 png/l:
1=catechol, 2=phenol, 3=4-nitrophenol, 4=4-methylphenol, 5=2,4-dinitrophenol, 6=2-nitrophenol, 7=4-chlorophenol, 8=3-chloro-
phenol, 9=2,4-dimethylphenol, 10=4-chloro-3-methylphenol, 11=2,4-dichlorophenol, 12=2,4,6-trichlorophenol and 13=penta-
chiorophenol. Three different sorbents were tested: (1) LiChrolut EN, (2) Isolute ENV+ and (3) Porapak RDX. For LC conditions, see
Section 2,
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Time (min)

Fig. 2. Interferences extracted in the preconcentration of river
water under neutral and acidic conditions, A 500-ml volume of
river water, spiked to 5 ug/l with the above-mentioned phenolic
compounds (see Fig. 1) were loaded on LiChrolut EN. For LC
conditions, see Section 2.

the discharge of a number of contaminants such as
chlorocatechols and chlorophenols. The only effluent
treatments that are widely used by the pulp industry
involve primary treatment, consisting of elimination
of suspended solids and secondary treatment with
microbiological oxidation of fermentable dissolved
organic constituents [23]. However, there is evidence
that organic compounds, such as chlorophenols or
chlorocatechols, are not completely eliminated by
this process, as was pointed out by the EPA [24].
Analysis of the effluents before and after treatment
was carried out using the methodology developed in
this work. LC-APCI-MS was used to confirm the
data obtained from UV detection.

The cone voltage was set at 35 V because in
previous research it was found to be a good com-
promise between sensitivity and structural informa-
tion, as can be seen in Table 4, where the main ions
are shown for selected phenolic compounds.

The results are summarized in Table 4 and are in
the range of those found in other similar industries
[25]. Data from LC—APCI-MS in full scan mode
showed the presence of 2-chlorophenol, 2,4-dichloro-
phenol, 4-nitrophenol and catechol, but no traces of
highly chlorinated phenols and of other priority
phenols were found. The values obtained from
untreated water varied from 2.5 to 27.3 g/l
However, even though these levels were reduced by

T
5 10 15 20 25
Time (min)

Time (min)

Fig. 3. LC-UV chromatograms obtained in the determination of
the LOD of the method. (1) Preconcentration of 1000 ml of
ground water spiked to 0.1 pg/l with each phenolic compound on
LiChrolut EN. (2) Preconcentration of 500 ml of ground water
spiked to 0.5 pg/l with each phenolic compound on LiChrolut
EN. All target compounds are detected on preconcentrating 1 | of
ground water spiked to 0.1 pg/1 with each phenolic compound on
a LiChrolut EN cartridge, except for catechol. For LC conditions.
see Section 2.

the treatment, complete removal did not occur.
Surprisingly, catechol was also found in this case,
but not in the original effluent, which indicates that it
was formed during the water treatment process. This
should be attributed to the very complex nature of
the pulp industry effluents, which usually contain a
number of organic contaminants, such as resin and
fatty acids, a variety of chlorinated organic com-
pounds, such as chlorophenols, chlorocatechols or
guaiacols, and volatile compounds (including the
group designated as total reduced sulfur compounds),
such as methylmercaptans or methyldisulfides. Tetra-
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Table 4
Concentrations (ug/1) and main ions of priority phenols found in a pulp effluent before and after treatment by LC~APCI-MS in negative ion
mode
Compound M, Before After Main
treatment treatment ions
4-Nitrophenol 139 2.5 23 [M—H]" (m/z: 138)
[M—H-NQ]| " (m/z: 108)
[M—H—-NO,|  (n/z: 92)
2-Chlorophenol 128 27.5 18 [M—H]" (m/z: 127)
2,4-Dichiorophenol 162 17.5 13 IM—H}  (m/z: 161)
[M—HCI|" (m/z: 126)
Catechol 110 - 4 [IM—H] (m/z: 109)

chlorocatechols and tetrachloroguaiacols were re-
ported to be present in pulp effluents in the range of
2 to 240 and 1 to 120 pg/l, respectively, depending
on the type and plant design and on the applied water
treatment processing step [25].

3.4. Stability study

The National Pesticide Survey (NPS)-EPA re-
quires that all monitored pesticides included in their
programmes should be stable in water for at least
fourteen days, after being inhibited biologically with
10 ml of HgCl, (or monochloroacetic buffer or
sulfuric acid at pH<3) and being stored at 4°C [26].
On applying this criteria to phenolic compounds, it
was found that 2,4-dimethylphenol, 3-chlorophenol,
trichlorophenols, pentachlorophenol, 2-nitrophenol,
4-nitrophenol and 2,4-dinitrophenol (10 pg/l),
which were present in river water acidified with
H,SO, to pH 3 and which was stored in dark glass at
4°C, were stable for 28 days whereas other phenolic
compounds, such as phenol, catechol, 2-chloro-
phenol, 4-chlorophenol and 4-methylphenol suffered
15% losses [9]. Regarding these results, it was found
necessary to develop new methods for stabilizing
phenolic compounds and for improving their trans-
port and storage characteristics.

Triplicate samples were analyzed for each storage
time and temperature. Isolute ENV+ cartridges were
preconcentrated with 500 m! of a water sample and
stored at —20°C, 4°C and at RT for a period of up to
three months. Analysis were performed after 0.5, 1, 2
and 3 months of storage. Losses were similar for all
phenolic compounds, except for catechol, which was
the more unstable. Table 5 shows the results ob-

tained after different storage times at RT, 4°C and
~20°C, respectively.

Losses at RT were quite important for all target
compounds, even after short periods of storage.
Consequently, the transport of phenolic compounds
retained in LSE cartridges has to be carried out under
refrigeration conditions. For instance, 60% of cate-
chol was lost after storage at RT for the first fifteen
days, whereas 25% of the remaining phenols were
lost under the same conditions. Nevertheless, it is
possible to transport water samples spiked with
phenolic compounds and preconcentrated in LSE
polymeric cartridges stored at 4°C, as is shown in
these results. No losses were observed when storage
took place at 4°C over the first fifteen days, enabling
samples to be shipped. Under these conditions, the
results again showed that catechol was the most
unstable phenolic compound (50% losses after one
month of storage) and 2,4-dinitrophenol was the
most stable (20% losses after storage for one month)
whereas the remaining phenolic compounds suffered
losses in the range of 25-35%. With regard to
storage at —20°C, it is remarkable that no losses
were observed after one month, losses of up to 18%
were obtained after two months, except for 2.4-
dinitrophenol and 2-nitrophenol, which suffered loss-
es of 12%, which were of the same order as the
R.S.D. of the method. Storage at —20°C is the most
reliable method for storing phenolic compounds in
polymeric LSE sorbents, as also reported in other
solid-phase extraction methods for pesticides [17,18].

It is important to take into account that the
stability of phenols is dependent on various parame-
ters, such as the water matrix, temperature and
physicochemical properties, e.g. vapor pressure and
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Losses (%) suffered after different storage times at —20°C, 4°C and RT. A 300-ml volume of ground water spiked to 5 ug/1 with each

phenolic compound was loaded on an Isolute ENV+ cartridge

Compound Storage conditions

RT 4°C —20°C

Storage time (months) Storage time (months) Storage time {months)

0.5 1 2 3 0.5 i 2 3 0.5 1 2 3
Catechol 23 50 55 70 15 23 55 70 0 (] 20 39
Phenol 20 20 37 43 10 20 37 43 0 0 26 33
4-Nitrophenol 17 39 24 51 5 17 24 51 0 0 18 30
4-Methylphenol 16 20 31 44 10 16 31 44 0 0 22 30
2,4-Dinitrophenol 10 23 18 36 7 10 18 36 0 0 13 26
2-Nitrophenol 14 22 17 38 10 14 17 38 0 0 10 27
2-Chlorophenol 13 25 21 47 9 13 21 47 0 0 14 32
4-Chlorophenol 17 19 29 50 13 17 29 50 0 0 23 38
3-Chlorophenol 15 17 30 52 8 15 30 52 0 0 19 37
2,4-Dimethylphenol 11 20 24 49 6 1t 24 49 0 0 17 35
4-Chloro-3-methylphenol 15 24 28 55 H 15 28 55 0 0 20 34
2.4-Dichlorophenol 15 18 26 57 8 15 26 57 0 0 21 35
2,4,6-Trichlorophenol 18 21 33 63 10 18 33 63 0 0 24 38
Pentachlorophenol 20 23 30 57 12 20 30 57 0 0 21 37

water solubility [27]. The vapor pressure of target
compounds explained their losses, which were due
mainly to their volatilization. Those compounds with
poor affinity for the sorbent and high vapor pressure
suffered maximum losses, as was shown for cate-
chol. The best results were obtained for those
compounds that are highly retained, probably due to
their 77— interactions with the sorbent material, e.g.
in the case of 2,4-dinitrophenol.

4. Conclusions

A semi-automated method for the determination of
phenolic compounds in natural waters has been
developed. Preconcentration of ground water was
achieved using LiChrolut EN and Isolute ENV+ as
the LSE sorbents. The determination of phenol, 4-
nitrophenol, 4-methylphenol, 2,4-dinitrophenol, 2-ni-
trophenol, 2-chlorophenol, 3-chlorophenol, 4-chloro-
phenol, 2.4-dimethylphenol, 4-chloro-3-
methylphenol, 2.4-dichlorophenol, 2,4,6-trichloro-
phenol and pentachlorophenol at 0.1 and 5 pg/l
levels was carried out using a 1-1 water sample. For
the determination of catechol at 0.25 pg/l, it was
necessary to load 0.5 1 of ground water in both

Isolute ENV+ and LiChrolut EN sorbents. It is
remarkable that it was possible to detect phenol at
0.2 pg/l

The V; values in Isolute ENV + and LiChrolut EN
were higher than 1 1 for all target compounds, except
for catechol, which had a V; that was lower than 300
ml.

Porapak RDX was not suitable for the preconcen-
tration of phenolic compounds in natural waters as Vy
occurred for percolation of water samples lower than
300 ml for all target compounds.

Phenolic compounds were stabilized in LSE ma-
terial. The great advantage of using disposable LSE
cartridges for stabilizing phenols in water samples is
the storage space, since cartridges replace 1 1 bottles.
Complete recovery is observed after storage for two
months at —20°C and after 0.5 months at 4°C for all
target compounds. This indicates that it is possible to
ship the LSE cartridges, containing phenolic com-
pounds under refrigeration conditions for a period of
up to fifteen days from the sampling site to the
central laboratory for the final analysis, making it
unnecessary to perform the analysis immediately
after sampling. Degradation in LSE cartridges was
attributed to volatility and poor affinity for the
sorbents of the most polar compounds.
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