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Abstract

A comparative study of the performance of four sorbents [PLRP-S, LiChrolut EN, Isolut ENV and porous
graphitic carbon (PGC)] for on-line liquid-solid extraction (LSE) followed by liquid chromatography (LC) of
phenolic compounds in water was carried out. Better breakthrough volumes were obtained when working with
LiChrolut EN and Isolute ENV than the other sorbent materials. Recoveries in ground water were in the range
55-105% and detection limits down to 0.1 ug/1 were achieved, except for catechol and 2-amino-4-chlorophenol. A
few differences were found when comparing sorbents from various suppliers, which was attributed to their different
physico-chemical properties. PGC gave good results only for aminophenols. Binding phenomena among phenols
and humic substances were detected, leading to interferences in the determination. The procedure was validated by
participating in various inter-laboratory exercises using ground water samples distributed by Aquachek (WRC,
Medmenhan, UK), containing phenols at levels ranging from 0.1 to 5 ug/l.
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1. Introduction of many chlorinated phenoxy acid herbicides and

organophosphorus pesticides, respectively [3.4].

Phenolic compounds of environmental interest
come from a wide variety of industrial sources
such as the plastics and dye industries and
particularly from pulp processing [1]. They also
occur as biodegradation products of humic sub-
stances, tannins and lignins [2]. Chloro- and
nitrophenols are the main degradation products
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Phenols, especially chlorophenols, are toxic at
concentrations of a few ug/l and are also persis-
tent. For these reasons, a number of phenolic
compounds are listed in the European Communi-
ty (EC) Directive 76/464/EEC concerning dan-
gerous substances discharged into the aquatic
environment [S]. The US Environmental Protec-
tion Agency (EPA) list of priority pollutants also
includes eleven phenolic compounds [6-8]. EC
Directive 75/440/EEC states that maximum
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levels of phenolic compounds in surface water
for drinking purposes should be in the range
1-10 g/l depending on the required treatment
[9]. In this respect, it should be added that many
EC countries follow the US EPA list of com-
pounds in monitoring studies and for this reason
it is of interest to develop a method for all the
phenols included in both lists.

Current official analytical methods, e.g., US
EPA 604 and 625 (acid-extractable section), con-
sist of acidification of the sample, followed by
dichloromethane liquid-liquid extraction (LLE),
concentration and determination by gas chroma-
tography using different detection methods such
as electron capture or mass spectrometry [6-8].
Nowadays there is a tendency to change the
current LLE procedures to on-line liquid—solid
extraction (LSE) methods [10], thus avoiding
manipulation of the samples, analyte losses in the
different analytical steps and the use of toxic
solvents.

In our previous work, eight different sorbents
(Ciqs C,3/OH, Cq, C,, CH, CN, Ph and PLRP-S
types) were compared using on-line LSE fol-
lowed by LC [11]. PLRP-S (styrene—divinylben-
zene copolymer) was found to be the most
suitable sorbent, giving recoveries of up to 80%
for most of the phenolic compounds, but prob-
lems still occur for the most polar analytes such
as phenol and catechol. Moreover inter-calibra-
tion exercises organized by Aquacheck (WRC,
Medmenham, UK) showed that the determina-
tion of phenol at the 0.5-5 ug/l level is still
unsatisfactory.

To overcome the aforementioned problems,
alternative methodologies have been published,
e.g., by using electrochemical detection [12,13] or
the use of extraction disks based on the use of
acetyl-poly(styrene—divinylbenzene) [14]. Re-
cently, new packing materials also based on
styrene—divinylbenzene copolymer (e.g., ENVI-
chrom, LiChrolut EN and Isolute ENV) have
been introduced. ENVI-chrom gave higher
breakthrough volumes than PLRP-S but impor-
tant band broadening still occurred [15]. How-
ever, LiChrolut EN and Isolute ENV exhibit an
open structure (high-porosity materials), thus
allowing a higher real active surface area than

PLRP-S with higher retention of analytes.
Graphitized carbon black (GCB) has also been
reported as a suitable sorbent for off-line trace
enrichment of certain phenols [16]. Porous im-
mobilized graphitic carbon (PGC) is more stable
than GCB because in this case the graphite is in
a silica structure [17], and it has been used for
the on-line trace enrichment of aminophenols
and catechols in water [18]. Other methods such
as solid-phase microextraction (SPME) permit-
ted the determination of phenol at 0.13 ug/1[19],
always combined with GC methods.

In view of the different approaches to the
determination of phenolic compounds in water,
the aims of this work were (i) to carry out a
comparative study of different polymeric materi-
als (PLRP-S, LiChrolut EN and Isolute ENV)
for the on-line LSE of phenolic compounds
included in both EC and EPA lists at levels
required by EC legislation for surface water for
drinking purposes (Directive 75/440), (ii) to
compare the performances of these polymeric
sorbents with PGC and (iii) to validate the whole
system by analysing ground water samples dis-
tributed through Europe by the Aquacheck pro-
gramme, where most of the participating lab-
oratories are using current dichloromethane LLE
methods. All the aforementioned aspects should
encourage the implementation of the on-line
LSE method developed in this work.

2. Experimental
2.1. Materials

HPLC-grade water, methanol and acetonitrile
were obtained from J.T. Baker (Deventer,
Netherlands). All the solvents were passed
through a 0.45-um filter (Scharlau, Barcelona,
Spain). Catechol and phenol were obtained from
Sigma (St. Louis, MO, USA), 4-chloro-2-amino-
phenol, 2-chlorophenol, 4-chlorophenol, 2,4-di-
chlorophenol, 24,6-trichlorophenol,  3,4,5-tri-
chlorophenol, pentachlorophenol, 2-nitrophenol,
4-nitrophenol, 2,4-dinitrophenol, 4-methylphenol
and 2,4-dimethylphenol from Merck (Darmstadt,
Germany) and 3-chlorophenol, 2,3,4-trichloro-
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phenol and 2,3 5-trichlorophenol from Aldrich
(Milwaukee, WI, USA).

2.2. Apparatus

Experiments were performed using an auto-
matic sample processor from Gilson (Villers-le-
Bel, France). This system includes an Aspec XL
automatic sample processor equipped with two
Reodyne six-port valves, a Model 305 high-pres-
sure preconcentration pump, a Model 401C low-
pressure pump, and a Model 817 eight-port valve
valve actuator. The HPLC system was purchased
from Gilson and consisted of two Model 305
pumps, a Model 811¢ dynamic mixing chamber, a
Model 805 manometric module and a Model 117
UV detector.

2.3. On-line liquid-solid extraction study

Stainless-steel precolumns (10 X 0.2 mm L.D.)
were packed manually with a slurry system
purchased from the Free University (Amster-
dam, Netherlands). Isolute ENV sorbent was
obtained from International Sorbent Technology
(Cambridge, UK), PLRP-S from Polymer Lab-
oratories (Church Stretton, UK) and LiChrolut
EN from Merck. PGC precolumns were obtained
prepacked with Hypercarb PGC from Shandon
Scientific (Runcorn, UK). The on-line ex-
perimental set-up is similar to that used in
previous studies [10].

Conditioning of the precolumn was carried out
with 5 ml of methanol and afterwards with 1 ml
of water (pH 3) at 1 ml/min. Spiked samples,
acidified to pH 2.5 were passed through the
precolumn at 4 ml/min. After washing the sor-
bent with 1.5 ml of water at 1 ml/min, analytes
were directly eluted by the mobile phase to the
analytical column in the backflush mode. Before
the next run, the precolumn was washed with 5
ml of acetonitrile at 1 ml/min. Breakthrough
curves for ground water were calculated by
making successive injections of the same batch,
raising the sample volume by 15 ml every time in
the range from 15 to 210 ml for all the target
compounds. On plotting results on X-Y coordi-
nates (volume vs. area), a linear graph for low

sample volumes was obtained. When break-
through of analytes began, the relationship of
area against volume deviated from linearity. The
initial linear relationship was extrapolated and it
was assumed that breakthrough occurred when
the ratio of the extrapolated plot to the ex-
perimental plot was 5%.

2.4. Chromatographic conditions

A Hypersil Green ENV (C,;) analytical col-
umn (150 X 4.6 mm L.D.) equipped with a guard
column and a Hypercarb analytical column
(250X 4.6 mm LD.), both from Shandon Sci-
entific, were used. Gradient elution was carried
out with water (containing 1% acetic acid) and
methanol-acetonitrile  (1:1) (containing 1%
acetic acid) as organic modifier. Detection was
carried out at 280 nm, except for pentachloro-
phenol, 4-nitrophenol and 24-dinitrophenol,
which were quantified at 310 nm.

Quantification was performed by using exter-
nal standard calibration methods. Calibration
graphs were constructed over the concentration
range 0.01-25 pg/l depending on the studied
compound. The reproducibility varied from 3 to
9%.

3. Results and discussion
3.1. Polymeric sorbents

3.1.1. Breakthrough volumes, recoveries and
detection limits

It has been reported that copolymers such as
styrene—divinylbenzene are suitable for the trace
enrichment of relatively polar compounds such
as phenols [11,1520,21]. Theoretically, direct
coupling of these sorbents with typical reversed-
phase analytical columns is not suitable because
of band broadening. This effect can be mini-
mized by using a suitable gradient which causes
peak compression on the top of the analytical
column and a good compromise between break-
through volume and peak efficiency. Moreover,
for the enrichment of polar compounds, where
the breakthrough volume is a critical parameter,
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some loss of efficiency should be accepted in
order to achieve the desired detection limits.
Fig. 1 shows the chromatographic profiles
obtained with the three polymeric sorbents when
analysing river water spiked at 4 ug/l. Slight
band broadening was observed in all cases owing
to the bad elution profile of phenols when
working with eluents with a high percentage of
water. This was found to be strongly dependent
on the physico-chemical characteristics of the
sorbent and will be discussed later. PLRP-S
provided the best peak shape; band broadening
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Fig. 1. LC-UV (280 nm) traces of phenolic compounds
spiked in ground water after on-line LSE using a 10 X 2 mm
1.D. stainless-steel precolumn with different polymeric sor-
bents: (A) PLRP-S; (B) LiChrolut EN; (C) Isolute ENV.
Sample volume, 50 ml. Peaks: 1 = catechol; 2 = phenol; 3 = 4-
nitrophenol; 4 = 24-dinitrophenol; 5 = 4-chlorophenol; 6=
2,4-dimethylphenol; 7 = 4-chloro-3-methylphenol; 8=24-
dichlorophenol; 9 = 2,4,6-trichlorophenol; 10 = pentachloro-
phenol. Concentration, 4 ug/l. For other conditions, see
Experimental.

was observed when using LiChrolut EN and
Isolute ENV owing to their higher adsorption
power, which makes analyte elution difficult.
Moreover, even though Isolute ENV is designed
for use in an off-line approach (see Table 4,
particle size), only a slight increase in band
broadening was obtained, especially for the most
retained analytes such as trichlorophenols and
pentachlorophenol.

Breakthrough volumes and recoveries of
phenols in ground water at the 4 pg/l level
obtained using the three polymeric sorbents are
shown in Tables 1 and 2, respectively. The data
were found to be strongly dependent on the type
and number of substituents. In general, analytes
having strong positive resonance capacity sub-
stituents such as nitro groups or with a large
number of electron-withdrawing substituents
such as trichlorophenols and pentachlorophenol
gave the highest values. For example, the break-
through volumes for 4-nitrophenol were 45, 70
and 80 ml using PLRP-S, LiChrolut EN and
Isolute ENV, respectively, whereas a value up to
200 ml was obtained for 2,4-dinitrophenol when
using any of the polymeric sorbents (Table 1).
Similar behaviour was observed for chloro-
phenols. Breakthrough volumes in the range 60—
85 ml for monochlorophenols and >200 ml for
trichlorophenols and pentachlorophenol were
obtained when using any of the polymeric sor-
bents. The breakthrough volumes were in gener-
al improved when working with both LiChrolut
EN and Isolute ENV sorbents compared with
those obtained with PLRP-S. Especially notable
was the improvement obtained for the most
polar analytes such as phenol and catechol com-
pared with PLRP-S. When working with PLRP-S,
the breakthrough volumes were below 10 ml for
phenol and catechol, giving recoveries below
20%, but for LiChrolut EN and Isolute ENV the
breakthrough volumes and recoveries were in the
ranges 25-35 ml and 55-67%, respectively.

Detection limits for target compounds in (A)
ground and (B) river waters using PLRP-S,
LiChrolut EN and Isolute ENV sorbents are
given in Table 3. Data were recorded at 280 nm,
except for 4-nitrophenol and pentachlorophenol
(310 nm). The values were strongly dependent



D. Puig. D. Barcelé | J. Chromatogr. A 733 (1996) 371-381 375

Table 1

Breakthrough volumes (ml) of phenolic compounds in ground water using different sorbents and on-line LSE using a 10 X 2 mm
I.D. stainless-steel precolumn

Compound Sorbent
PLRP-S LiChrolut EN Isolute ENV PGC

Catechol <10 25 25 25
Phenol <10 35 30 30
4-Methylphenol 50 55 60 25
2,4-Dimethylphenol 180 >200 >200 n.d.
2-Nitrophenol 60 75 70 n.d.
4-Nitrophenol 45 70 80 n.d.
2,4-Dinitrophenol >200 >200 >200 n.d.
2-Amino-4-chlorophenol <10 <10 <10 45
4-Chloro-3-methylphenol 100 110 100 n.d.
2-Chlorophenol 60 75 75 40
3-Chlorophenol 70 80 75 45
4-Chlorophenol 70 85 75 45
2.4-Dichlorophenol 100 120 130 n.d.
2,4,6-Trichlorophenol =200 >200 >200 n.d.
2,3,5-Trichlorophenol >200 >200 >200 n.d.
2,3,4-Trichlorophenol >200 >200 >200 nd.
3,4,5-Trichlorophenol >200 >200 >200 n.d.
Pentachlorophenol >200 >200 >200 nd.

Spiking level, 4 ug/1 (n = 6 for each phenolic). For other conditions, see Experimental.

n.d. = Not detected.

on the matrix, especially in the case of the most
polar analytes that appear at low retention times,
thus co-eluting with the matrix interferences.
Values obtained in HPLC-grade water (not
shown) were generally better 0.4 and 0.1 pg/1 for
phenol and 4-methylphenol, respectively. Sur-
prisingly, better values for 24-dinitrophenol
were obtained when working with PLRP-S. The
strong adsorption of this compound to LiChrolut
EN and Isolute ENV makes its elution difficult
under the conditions used, leading to important
band broadening and a poor detection limit.
LiChrolut EN and Isolute ENV are the most
suitable sorbents when the whole range of phen-
olics has to be monitored, with the exception of
2-amino-4-chlorophenol. Even though Isolute
ENYV provides very good breakthrough volumes,
the detection limits were slightly worse than
those obtained with LiChrolut EN, mainly be-
cause of the higher band broadening. However,
the breakthrough volumes obtained with Isolute
ENV are promising and the development of a

small particle size version will certainly improve
these values. In general, LiChrolut EN will be
the sorbent of choice when the whole range of
phenols has to be monitored, and only in the
case of nitro- or highly chlorinated phenols is
PLRP-S to be preferred because of the lower
detection limits.

3.1.2. Correlation with polymer characteristics

The differences in sorbent behaviour should
be related to the different physico-chemical
characteristics of the sorbent. Table 4 shows the
characteristics of the three polymeric materials.
The efficiency of the sorbents depends on various
physico-chemical parameters such as particle
size, surface area, pore diameter, pore volume,
degree of cross-linking and particle size distribu-
tion.

The available surface area is the key parame-
ter to explain the differences in the data obtained
on the different sorbents. LiChrolut EN and
Isolute ENV have an open structure (highly
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Table 2

Mean percentage recoveries = standard deviations of phenolic compounds in ground water using different sorbents and working

with on-line LSE using a 10 X 2 mm I.D. stainless-steel precolumn

Compound Sorbent
PLRP-S LiChrolut EN Isolute ENV PGC

Catechol <20 55+9 57+8 617
Phenol 34=5 677 62+7 546
4-Methylphenol 69+6 75+6 825 52+7
2,4-Dimethylphenol 81+4 98 + 4 92x4 n.d.
2-Nitrophenol 765 88 +5 B8 x5 n.d.
4-Nitrophenol 785 846 100+ 4 n.d.

2 4-Dinitrophenol 100+ 4 102 x5 98 + 4 n.d.
2-Amino-4-chlorophenol <20 <20 <20 87+6
4-Chloro-3-methylphenol 85=5 926 88 x5 n.d.
2-Chlorophenol 76 4 866 81+4 85+7
3-Chlorophenol 78+6 83«5 795 886
4-Chlorophenol 86 845 80+4 88=xS
2,4-Dichlorophenol 813 94 +5 923 n.d.
2.,4,6-Trichlorophenol 96 + 4 103 +5 995 n.d.
2,3,5-Trichlorophenol 94 +5 96 + 4 101 £6 n.d.
2.3,4-Trichlorophenol 95+5 101 >4 105+6 n.d.
3.4,5-Trichlorophenol 93+5 9+ 4 98+ 4 n.d.
Pentachlorophenol 100 = 4 100+ 3 9 +5 n.d.

Spiking level, 4 pg/l (n = 6 for each phenolic). Sample volume, 100 ml, except for phenol, catechol and 4-chloro-2-aminophenol

(50 ml). For other conditions, see Experimental.

porous materials), so a higher real active surface
is available than with PLRP-S. This can be seen
in Table 4, where the PLRP-S, LiChrolut EN and
Isolute ENV are shown to have pore volumes of
0.62, 0.75 and 1.1 ml/g, respectively. The higher
porosity of Isolute ENV can also explain why
only a slight increase in band broadening was
obtained over LiChrolut EN because it mini-
mizes band dispersion. On the other hand, band
broadening is also minimized when working with
PLRP-S because it shows the narrowest particle
size distribution (16-18 um for PLRP-S and
8-39 um for LiChrolut EN), thus allowing
elution in a narrow profile which provides an
excellent peak shape. Another parameter which
can influence the performance of the sorbents is
the degree of cross-linking. It was reported that
w- interactions play an important role in re-
tention when using polystyrene stationary phases
[22,23]. Here the polymer can act as an electron
donor for analytes having electron-withdrawing
or positive electron resonant capacity sub-

stituents. This can explain why nitrophenols have
the highest breakthrough volumes, being depen-
dent on the number of substituents. Hence the
degree of cross-linking of the copolymer is also
an important parameter which can explain the
differences in adsorption capacity among the
sorbents. LiChrolut EN and Isolute ENV have a
higher degree of cross-linking than PLRP-S and
favour higher breakthrough volumes. However,
as these data are not usually provided by the
suppliers, no definitive conclusion can be drawn
in this respect.

3.1.3. pH study

The presence of interfering materials in the
sample, mainly humic and fulvic acids, should be
always taken into consideration because it will
affect the analytical performance. It has been
reported that humic matter can bind organic
pollutants [24,25], thus leading to a decrease in
breakthrough volumes and recoveries because
only the dissolved fraction will be enriched. Since
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Table 3
Detection limits (xg/1) of phenolic compounds in (A) ground and (B) river water with on-line LSE and using the three polymeric
sorbents
Compound Sorbent

PLRP-S LiChrolut EN Isolute ENV PGC

A B A B A B A
Catechol 4 14 2 9 2 nd. 25
Phenol 3 11 0.7 35 0.8 4 1
4-Methylphenol 0.7 4 04 2 0.6 3 1.2
2,4-Dimethylphenol 0.05 0.8 0.03 0.5 0.05 0.6 n.d.
2-Nitrophenol 0.1 1 0.05 0.8 0.08 0.8 nd.
4-Nitrophenol* 0.05 0.1 0.01 0.08 0.02 0.1 n.d.
2 4-Dinitrophenol® 0.01 0.08 0.09 0.3 0.09 0.2 n.d.
2-Amino-4-chlorophenol 7 n.d. n.d. n.d. n.d. n.d. 0.5
4-Chloro-3-methylphenol 0.1 12 0.05 1 0.1 1.2 n.d.
2-Chlorophenol 04 14 02 1.2 0.4 1.4 n.d.
3-Chlorophenol 0.4 14 0.2 12 0.4 14 n.d.
4-Chlorophenol 0.5 1.5 0.2 14 0.4 1.5 1
2,4-Dichlorophenol 0.4 0.9 0.1 0.8 02 1 n.d.
2,4,6-Trichlorophenol 0.1 0.6 0.08 0.3 0.1 09 n.d.
2,3,5-Trichlorophenol 0.1 0.5 0.07 0.3 0.2 1 n.d.
2,3,4-Trichlorophenol 0.1 0.5 0.08 0.3 0.1 0.9 n.d.
3,4,5-Trichlorophenol 0.1 04 0.08 0.3 0.1 0.9 n.d.
Pentachlorophenol* <0.01 0.04 <0.01 0.02 0.01 0.05 n.d.

Sample volume, 100 ml, except for phenol, catechol and 4-chloro-2-aminophenol (50 ml). For other conditions, see Experimental.

* Deletion at 310 nm.

this phenomenon can be strongly dependent on
the working pH, various experiments at different
pH values were carried out. In general, sample
acidification is normal practice in water environ-
mental analysis, to ensure preservation of the
sample and to avoid partial deprotonation of
low-pK, analytes. However, phenolic compounds
have a wide range of pK, values, e.g., 4-

Table 4
Characteristics of the three polymeric sorbents

methylphenol 10.17 and 2.,4-dinitrophenol 3.9, so
the optimum pH for extraction should be
checked carefully.

When analysing river water spiked at the S
pg/l level at pH 6.6 (unbuffered) and pH 2
(acidified with 50% sulphuric acid), significant
differences were obtained: up to a 50% decrease
in recovery was found for 4-nitrophenol and 2,4-

Sorbent Particle Pore Pore Surface

size size volume area

(um) (A) (ml/g) (m®/g)
PLRP-S 16-18 300 0.62° Not available
LiChrolut EN 15-40 29 0.75 1200
Isolute ENV 40-140 850 1.1 1100

Data provided by the different manufacturers.
* Approximate value.
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dinitrophenol but 27% for only 2-nitrophenol.
However, this decrease for chlorophenols was
much smaller. In the case of low-pK, analytes
such as 24-dinitrophenol (pK, =4), this can be
attributed either to the binding of the analytes
with the humic substances and to the partial
deprotonation of the analyte at the working pH.
However, the important decrease in recovery for
4-nitrophenol (pK, = 7.15), the fact that 2-nitro-
phenol (pK, =7.17) shows only a 27% decrease
although it has similar a ionization constant to
4-nitrophenol and the small decrease obtained
for highly chlorinated phenols (pK, =5.8-4.7)
indicate that adsorption of some analytes on
fulvic or humic acids occurs at neutral pH. This
adsorption may be related to the octanol-water
partition coefficient [26]. The different behaviour
of mononitrophenols indicates that not only the
nature of the functional group but also steric
effects should be considered. On the other hand,
alkyl-substituted phenols in general showed the
opposite tendency, and small decreases in re-
covery were obtained when working at acidic
pH, thus showing that no significant binding
occurs.

Acidification of the sample can help to over-
come this drawback and can also prevent the
deprotonation of the most acidic phenols such as
2.4-dinitrophenol and pentachlorophenol. How-
ever, in this case, adsorption of humic material to
the sorbent is increased caused by an increase in
the hydrophobic character and a large interfering
peak appears somewhere in the chromatogram
[27]. Therefore, this can result in a decrease in
the breakthrough volume of analytes which lack
a strong affinity for the sorbent (e.g., 2,4-di-
methylphenol and cresols). This means that the
optimum extraction pH is a parameter which
should be optimized depending on the target
phenol.

Additionally, two different kinds of water
samples (ground and river water) spiked at 4
ngl/l were analysed at pH 2.5 using LiChrolut
EN sorbent in order to study matrix effects. Fig.
2 shows the chromatographic profiles of the
matrices spiked with some phenolics at 4 ug/l
and analysed using LiChrolut: (A) ground water
and (B) river water. Quantification of catechol is

100}
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Fig. 2. LC-UV (280 nm) traces of phenolic compounds
spiked in different water matrices after on-line LSE using a
10x2 mm LD. stainless-steel precolumn packed with Li-
Chrolut EN. (A) Ground water; (B) river water. Sample
volume, 50 ml. Peaks: 1= catechol; 2 = phenol; 3 = 4-nitro-
phenol: 4 = 2,4-dinitrophenol; 5 = 4-chlorophenol; 6 = 2,4-di-
methylphenol; 7 = 4-chloro-3-methylphenol; 8 = 2 4-dichloro-
phenol; 9 =24 6-trichlorophenol; 10 = pentachlorophenol.
Concentration, 4 ug/l. For other conditions, see Experimen-
tal.

difficult at this level because of early elution of
the matrix peak in the case of ground water. For
river water the matrix recoveries and detection
limits were reduced owing matrix effects. These
differences are less important for the most apolar
analytes such as trichlorophenols and penta-
chlorophenol, which appear at the end of the
chromatogram after the matrix peak, and also for
the analytes quantified at 310 nm (see Table 3).

3.2. Porous graphitic carbon (PGC)

Carbon-based sorbents were tested because it
has been reported that GCB was an excellent
sorbent for the off-line trace enrichment of traces
of medium-polarity analytes [16]. Owing to the
special characteristics of this sorbent, coupling to
a PGC column was necessary in order to prevent
excessive band broadening [28].
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PGC was considered as a pure reversed-phase
sorbent because there are no uncovered polar
groups (e.g., free silanols) on the surface. The
retention mechanism is unclear but it is different
to that with current reversed-phase packings.
Substituents with large steric parameters, strong
electron-withdrawing power and hydrogen donor
capacity have the greatest impact on the re-
tention, but the lipophicility of the compounds
does not seem to affect the retention significantly
[29]. For this reason, even though the solvents
which are used are the same as in current
reversed-phase LC, the retention times cannot be
predicted or correlated with data obtained from
these columns.

Initially the same conditions and compound
mixture as used for C,; columns were tested.
Phenolic compounds having strong positive reso-
nance capacity substituents such as nitro groups
or highly chlorinated phenols were strongly ad-
sorbed under these conditions and appear at
unsuitable retention times, in some cases (e.g.,
2 4-dinitrophenol) being irreversibly adsorbed on
the column. On the other hand, important tailing
was observed for analytes which appear in a
suitable retention time window, such as phenol,
catechol and 4-chlorophenol. The mobile phase
gradient was modified to start with 70% metha-
nol. Even though some tailing was still observed,
the isolation of catechol, phenol, 2-amino-4-chio-
rophenol, 4-methylphenol and 4-chlorophenol
was then feasible, but the rest of the target
compounds were still excessively adsorbed in the
analytical column.

Tables 1 and 2 show the breakthrough volumes
and recoveries obtained for selected phenolic
compounds in ground water at the 4 ug/l level,
respectively. It can be seen that the values for
phenol and catechol are not really significantly
different from those obtained using LiChrolut
EN or Isolute ENV. A breakthrough volume of
45 ml for 2-aminophenol was obtained, thus
significantly improving the data obtained with
the other sorbents tested, which all gave values
under 20 ml. The values for 4-chlorophenol and
4-methylphenol were worse than those obtained
using polymeric materials (see Tables 1 and 2).
PGC gave breakthrough volumes of 45 and 25 ml

for 4-chlorophenol and 4-methylphenol and the
polymeric sorbents in the range 70-85 and 50-60
ml, respectively. This shows that PGC is to be
preferred only in the case of polar analytes such
as aminophenols.

The most important problem encountered
when working with this column is that elution is
difficult using the on-line LSE approach. This
can be seen in Fig. 3, showing the on-line LSE-
LC profile of tap water spiked with catechol,
phenol, 2-amino-4-chlorophenol, 4-methylphenol
and 4-chlorophenol at 4 ug/l. The peak shape
for phenol and 2-amino-4-chlorophenol was ac-
ceptable but bad elution profiles for 4-chloro-
phenol and 4-methylphenol were obtained. For
this reason, the detection limits for the latter
compounds were not as good as expected consid-
ering the breakthrough volumes, with values of 1
and 1.2 ug/l for 4-chlorophenol and 4-
methylphenol, respectively. Moreover, humic
substances become strongly adsorbed when
working with PGC, thus giving memory effects.
Regeneration of the precolumn can be carried
out by washing after two-three analyses by
flushing it with water~tetrahydrofuran (50:50)
containing 0.1% of perchloric acid. When river
water samples are analysed, precolumns should
be discarded after 10-12 runs even when per-
forming such an aggressive washing procedure.
Matrix interferences become irreversibly ab-
sorbed and deterioration of the sorbent is ob-

UV RESPONSE (280 NMD

° ) 20 30

RETENTION TIME (MIN)
Fig. 3. LC-UV (280 nm) traces of phenolics spiked in
drinking water obtained using a Hypercarb analytical column
after on-line LSE with PGC sorbent. Peaks: 1 = phenol; 2=
2-amino-4-chlorophenol; 3 = 4-methylphenol; 4 = 4-chloro-
phenol. Concentration, 4 ug/l. For other conditions, see
Experimental.
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served. On the other hand, the small particles of
this sorbent (10 wm) prevent the use of high
flow-rates, thus increasing the analysis time.
Owing to these problems and the fact that the
breakthrough volumes were in general not im-
proved, additional studies using this sorbent were
abandoned.

3.3. Validation

In order to evaluate the performance of the
developed methodology, a reference material
containing phenol, trichlorophenol and penta-
chlorophenol provided by the Aquacheck at the
Water Research Centre (WRC) (Medmenhan,
UK) was analysed. In earlier work by our group,
inter-calibration exercises organized with the
WRC were carried out using PLRP-S as a
sorbent. Correct values for trichloro- and penta-
chlorophenol a and single flagged error for
phenol were obtained. It should be noted that
among all the participating laboratories (15-20
depending on the exercise), only two gave cor-
rect results for phenol and most of the others
gave results with double flagged errors. That
means that the determination of phenol at the
0.1-0.5 g/l level was still unsatisfactory even
using robust analytical systems as reported by
Aquacheck.

Ground water samples were spiked with
Aquacheck reference material according the in-
structions required by the WRC, and were ana-
lysed according to the protocol developed in this
work using PLRP-S and LiChrolut EN. Results

Table 5

are given in Table 5. In both cases correct results
were obtained for pentachloro- and trichloro-
phenol, but phenol could only be quantified
using LiChrolut EN, with an error threshold of
15%. The same analysis was performed using
river water but then a single flagged error (20%)
was obtained for phenol. However, this deviation
is acceptable, especially considering the final
reports of inter-calibration exercises organized
by Aquacheck, thus showing the difficulty of
determining phenol.

4. Conclusions

A comparative study of the performances of
three sorbents for the on-line LSE of phenolics
in water samples was carried out. The results
showed that LiChrolut EN and Isolute ENV
sorbents give better results than with PLRP-S,
and permit the detection of phenol at the 0.7
ng/l level in ground water. A few differences
were found when testing polystyrene materials
from different suppliers, caused by their different
physico-chemical characteristics. PLRP-S did not
give any appreciable band broadening but the
breakthrough volumes were increased when both
LiChrolut EN and Isolute ENV were used. Such
differences were attributed to the open structure
or LiChrolute EN and Isolute ENV, which in-
creases the surface area available and allows
higher m— interactions. Both LiChrolut EN and
Isolute ENV gave similar breakthrough volumes
and recoveries. A matrix effect study showed

Mean concentration (ng/l) and mean difference (%) in relation to reference values of phenolic compounds obtained when
analysing samples provided by the WRC using PLRP-S and LiChrolut EN sorbents

Phenolic Ground water River water
compound
Mean concentration Mean Mean concentration Mean Mean concentration Mean
(ng/1) difference (ng/1) difference (ng/1) difference
(%) (%) (%)
Phenol n.d. 1649.1 -15 1057.2 -20
Trichlorophenol 3852.8 —11 4372.8 8 n.d.
Pentachlorophenol  1296.7 3 1120.5 12 n.d.

Values were obtained from spiking ground and river water with the reference material from Aquacheck. Sample volume: 50 ml for

phenol and 100 ml for trichlorophenol and pentachlorophenol.
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that acidification of the sample is necessary to
avoid binding of some analytes to the humic
substances and to prevent their partial deproto-
nation.

PGC was also tested to check its performance
for the trace enrichment of the most polar
phenolic compounds. The breakthrough volumes
and detection limits were worse than those
obtained using the polymeric sorbents except in
the case of 4-chloro-2-aminophenol. Moreover,
PGC shows some operational drawbacks such as
difficulty in recycling the precolumn and the lack
of selectivity against polar humic substances.

Validation of the analytical protocol developed
in this work was carried out by analysing a
reference material of water samples containing
phenols provided by the WRC. The results
showed the good performance of the analytical
protocol with ground water at the levels required
by EC Directive 75/440/EEC dealing with sur-
face water for drinking purposes, but there are
still some problems with the determination of
phenol in river water and a single flagged error
was obtained. The results showed that polymeric
sorbents such as LiChrolut EN and Isolute ENV
allow the detection limits required by EC Direc-
tive 75/440/EEC dealing with surface water for
drinking purposes to be achieved.

Acknowledgements

Gilson (Villers-le-Bel, France) and its Spanish
representative (Pacisa) are thanked for the kind
loan of the Gilson Aspec equipment. This work
was financially supported by the Environment
and Climate Program 1994-1998 (Commission of
the FEuropean Communities, contract ENV4-
CT95-0016.

References

[1] A.H. Neilson, A.S. Allard, P.A. Hynning and M.
Remberger, Toxicol. Environ. Chem., 30 (1991) 3.

{2] R.F.C. Mantoura and M.A. Gough, in J. M. Martin and
H. Barth (Editors), EROS 2000—Third Workshop on
the North-West Mediterranean Sea, Den-Burg/Texel,
21-25 October 1991, Water Pollution Research Report
28, Commission of the European Communities, Brus-
sels, 1992, pp. 197-217.

[3] L. Marcheterre, G.G. Choudry and G.R.B. Webster,
Rev. Environ. Contam. Toxicol., 103 (1988) 61.

{4} S. Lacorte and D. Barceld, Environ. Sci. Technol., 28
(1994) 1159.

[5) G. Vincent, in G. Angeletti and A. Bjgrseth (Editors),
Organic Micropollutants in the Aquatic Environment,
Kluwer, Dordrecht, 1991, pp. 285-292.

[6] L.H. Keith and W.A. Telliard, Environ. Sci. Technol., 13
(1979) 416.

[7] EPA Method 604, Phenols, in Federal Register, October
26, 1984, Environmental Protection Agency, Part VIII,
40 CFR Part 136, pp. 58-66.

[8] EPA Method 625, Base/Neutrals and Acids, in Federal
Register, October 26, 1984, Environmental Protection
Agency, Part VIII, 40 CFR Part 136, pp. 153-174.

[9] M.C. Hennion, V. Pichon and D. Barceld, Trends Anal.
Chem., 13 (1994) 361.

[10] S. Chiron, A. Fernandez-Alba and D. Barceld, Environ.
Sci. Technol., 27 (1993) 2352.

[11] D. Puig and D. Barceld, Chromatographia, 40 (1995)
435.

[12] J. Ruana, 1. Urbe and F. Borrull, J. Chromatogr. A, 655
(1993) 217.

[13] D. Puig and D. Barceld, Anal. Chim. Acta, 311 (1995)
63.

[14] L. Schmidt, J.J. Sun, J.S. Fritz, D.F. Hagen, C.G.
Markell and E.E. Wisted, J. Chromatogr., 641 (1993) 57.

[15] E.R. Brouwer and U.A.Th. Brinkman, J. Chromatogr.
A, 678 (1994) 223.

[16] A. Corcia, S. Marchese and R. Samperi, J. Chromatogr.,
642 (1993) 175.

[17) E. Forgacs and T. Cserhdti, Trends Anal. Chem., 14
(1995) 23.

(18] V. Coquart and M.C. Hennion, J. Chromatogr., 600
(1992) 195.

[19] K.D. Buchholz and J. Pawliszyn, Environ. Sci. Technol.,
27 (1993) 2844.

[20] V. Picon and M.C. Hennion, J. Chromatogr. A, 665
(1994) 269.

[21] E. Pocorull, G. Sanchez, F. Borrull and R.M. Marlé, J.
Chromatogr. A, 696 (1995) 31.

[22] M.K.L. Bicking and J. Serwon, J. Lig. Chromatogr., 107
(1987) 1369.

[23] G. Thévenon-Emeric, A. Tchapla and M. Martin, J.
Chromatogr., 550 (1991) 267.

[24] K. Maaret, K. Leif and H. Bjarne, Chemosphere, 24
(1992) 919.

[25] J. P6rchmann and U. Stottmeister, Chromatographia, 36
(1993) 207.

[26] S.U. Khan, Pesticides in the Soil Environment, Elsevier,
Amsterdam, 1980.

{27] 1. Liska, E.R. Brouwer, H. Lingeman and U.A.Th.
Brinkman, Chromatographia, 37 (1993) 13.

{28] S. Guenu and M.-C. Hennion; J. Chromatogr. A, 665
(1994) 243.

[29] E. Forgdcs, T. Cserhati and B. Bordas, Chromato-
graphia, 36 (1993) 19.



