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Development of an SPME/ATR-IR chemical sensor for
detection of phenol type compoundsin aqueous solutions
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A new method, based on a combination of solid phase micro-extraction (SPME) and attenuated total reflection
infrared (ATR-IR) spectroscopy, was developed for the detection of phenols in aqueous solutions. Several types of
phenols were studied including phenols attached to methyl, hydroxyl, chlorine and nitro groups, which are
environmentally toxic. Because of the polarity of the phenol-type compounds, the performance of six polymersin
attracting phenols was investigated. Results indicated that poly(acrylonitrile-co-butadiene) was the most suitable
SPME phase among the investigated polymers. To further increase the sensitivity in phenol detection, factors,
such as the pH effect, salt effect and thickness of the SPME phase, were investigated. Results indicated that pH
values affected the neutral form percentage of the analytes strongly and, hence, affected the detected signals. Due
to the acid nature of phenols, phenol detection occurs best in solutions with alow pH value. A two- to three-fold
increase in signals was observed after the addition of salt into the solution. The results on the examination of
standard curve linearity indicated that the regression coefficients (R2) were higher than 0.996 for four types of
phenoals. The obtained detection limits for phenols were lower than 200 ug L—1 for most of the compounds.

Introduction

Environmental scientists are very interested in phenols because
of their toxicity.r For example, chlorophenols are toxic and
suspected to be carcinogenic compounds.2-3 Several sources can
release these types of materials, such as manufacturing
industries that produce dyes, antioxidants and drugs, and
drinking water chlorination and chlorinated paper bleaching.45
Because of the threat to the environment, methods were
developed to provide a rapid and sensitive way to detect these
compounds. For example, electrochemical detection methods
have been applied for the detection of chlorinated phenols
eluted using high performance liquid chromatography
(HPL C).6-10 Mass spectrometry has been also used to examine
chlorinated phenols eluted using gas chromatography.il A
surfactant-mediated extraction technique was also applied to the
ultra-violet detection of chlorinated phenols eluted using
HPLC.22 Bachmann et al.13 used microbia sensors to detect
chlorinated phenols in aqueous solutions or organic solvents.
Supercritical fluid extraction also has been applied to extract
chlorinated phenols in river sediments.14 Recently, the solid
phase micro-extraction technique (SPME)15-17 has been used to
replace the steps in conventional sample pretreatment so that
sampling, extraction and concentration are integrated into one
step. Large numbers of applications based on SPM E/chromato-
graphic methods can be found in the literature. Although the
stepsin sample analysisarelargely reduced by using SPME, the
speed of sample analysisisstill limited by the chromatographic
separations.

Unlike chromatographic methods, the organic analytes in
aqueous sol utions can be detected rapidly using infrared sensing
methods. This advantage allows the screening and removal of
unsuspected analytes in environmental samplesin a very short
time. The attenuated total reflection infrared (ATR-IR) spectro-
scopic method® was found to be highly suitable for the
detection of analytesin aqueous solutions.19-23 ATR is suitable
for managing agqueous solutions because the evanescent wave
penetrates into the adjoining medium for a short distance. This
can eliminate spectral interferences from the water. The depth
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of penetration, d, of the evanescent wave is calculated
according to the following equation:

dy = A{2mny[sin20 — (no/ny)2v2} )

where 0 is the angle of incident, A is the wavelength of the
incident radiation, n, is the refractive index of the interna
reflection element (IRE) and n; is the refractive index of the
sample material. In the mid-infrared range, d, varies from 0.1
um to approximately 1 um. A further increase in sensitivity in
organic compound detection in agueous sol utions was observed
by applying SPME to the ATR-IR method.2431 When a
hydrophobic material, with a thickness close to dy, is coated
onto the surface of the IRE, analytes are absorbed into the
hydrophobic film and sensed by IR radiation. The principle of
the SPME/ATR-IR method is the same as for SPME in the
absorption of analytesin agqueous solutions. Because the SPME
principle can be found easily in the literature, only a brief
description will be given here.

The partition coefficient in a two-phase system is of great
concern in SPME. The partition coefficient can be expressed as
theratio of the concentration of solute in the hydrophobic phase
to the concentration in the agueous phase as shown in egn.

2
K= Corg/caq = [(n/V)I[(Co X Vs — No)/V¢ )

where K is the partition coefficient, Coq is the analyte
concentration in the hydrophobic layer, Cy is the solute
concentration in the aqueous phase, n, is the number of analyte
molecules in the organic layer, V; is the volume of the
hydrophaobic layer, Vsisthe volume of the aqueous solution and
C, is the initial concentration of the analytes in the aqueous
sample. By assuming that the sample volume, Vs, ismuch larger
than K X V4, egn. (2) can be rearranged and expressed in a
simple form:

N = K X Vf X Co (©)

This equation indicates that the larger the volume of the
hydrophobic film, the larger the signal that can be obtained.
Quantitative results can be obtained for SPME under non-
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equilibrium conditions based on the following equation as
derived by Ai:32

n =n, X [1-exp(— a X t)] 4

wheret is the equilibrium time and parameter a is a measure of
how fast the adsorption equilibrium can be reached in the SPME
process. This equation can be used to monitor the analytical
signals under non-equilibrium conditions.

Commonly used materials for SPME phases, such as low-
density polyethylene (LDPE),23 poly(vinyl)chloride (PVC),26
and polyisobutylene (PIB)2° are low in polarity. Due to their
low polarity, these materials are only suitable for attracting
organic compounds of relative low polarity in aqueous
solutions. To apply thismethod to detect phenols, the polarity of
the hydrophobic film must be increased to increase the phenol
partition coefficients. The SPME phases should & so be within
the IR absorption range to decrease the spectral interference.
Their water solubility should below to increasetheir stability in
aqueous solutions. The SPME phase should be low in
compactness to attract phenols at a relatively high speed. To
meet these requirements for SPME phases in the detection of
phenols using the SPME/ATR-IR method, commercialy avail-
able polymers containing phenyl- and cyano groups were
considered and examined in this work. Because both phenyl-
and cyano groups can have a strong interaction with phenols
either by m— interactions or dipole—dipole interactions, the
attraction capabilities are expected to be higher than low-
polarity polymers. Therefore, polystyrene (PS) and poly-
acrylonitrile (PA) were studied first. In terms of spectral
interference, PA is more suitable than PS because the cyano
group exhibits an infrared absorption band (around 2237 cm—1)
in the region in which most organic compounds have no
absorption. To increase the analyte transportation speed in the
SPME phase, the polymer compactness should be sufficiently
low. Copolymers, such as polyacrylonitrile-co-butadiene (PAB)
and polystyrene-co-butadiene (PSB), were selected for this
purpose. To have a fair comparison, the commonly used PIB
and PV C polymers were also used in this work.

Experimental
Materials and reagents

The performance of six polymeric materials were studied for
phenol absorption. These materialsincluded PIB, PVC, PA, PS,
PAB and PSB, and were obtained from the Aldrich Corp.
(Milwaukee, WI, USA). Phenols used in this work included
phenol, 4-chlorophenol (4-CP), 2,3-dichlorophenol (2,3-DCP),
2,4-dichlorophenal (2,4-DCP), 2,6-dichlorophenol (2,6-DCP),
3,4-dichlorophenal (3,4-DCP), 2,4,6-trichlorophenol
(2,4,6-TCP), 2-methylphenol (2-MP), 4-methylphenol (4-MP),
4,6-trimethylphenol (2,4,6-TMP), 3-hydroxylphenol (3-HP),
2-hydroxylphenol (2-HP), 3-nitrophenol (3-NP), 4-nitrophenol
(4-NP) and 2,4-dinitrophenal (2,4-DNP). Acetone was used to
dissolve PAB, and PAS. Toluene was used to dissolve PIB, PS
and PSB. Dimethylsulfoxide was used to dissolve PA. These
solvents were obtained from TEDIA (Ohio, USA) as reagent
grade.

Procedure of SPME coating

1to 5% (w/v) PAB solutions were prepared by dissolving PAB
in acetone. Hydrophobic film-coated IRE was obtained by
soaking the ZnSe crystals in the PAB solution directly and air-
drying for one hour. Based on integrated peak intensities of
around 2237 cm—1, the average relative standard deviation of
the PAB film thickness for four replicated runsin four different
PAB solutions was 5.04%.
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Sampling and detection procedure

A 45° trapezoidal (55 x 25 X 2 mm) zinc selenide crystal
(ZnSe), purchased from the International Crystal Laboratory
(Garfield, NJ), was cut into 3 mm (55 X 3 X 2 mm) widthsand
used as the IRE. The sample cell setup was arranged as shown
in Fig. 1. The dimensions of the sample cell were 2.8 x 2.8 X
12.5 cmB. The IRE (45° trapezoidal ZnSe) was placed in the
sample cell and located around 5 cm from the top. This cell was
placed into the sample compartment for direct IR signd
measurements. A magnetic stirrer was used to accelerate the
extraction process. Because the magnetic stirrer did not fit into
the sample compartment, the sample cell was moved out of the
sample compartment for stirring. A Jasco 410 FT-IR spectrome-
ter equipped with a medium-range mercury—cadmium-telluride
(MCT) detector was used to detect the absorbed anal ytes. Probe
organic compounds were dissolved in water to form the desired
concentrations. A 70 mL portion of the sample solution was
placed into the sample cell for measurement. All of the spectra
were collected by co-adding 100 scans with 4 cm—1 resolution.
Fig. 2 shows typical spectra obtained using PAB as the SPME
phase.

Results and discussion
Effect of hydrophobic film in the detection of phenols

Six polymers were studied for their performance in phenol
absorption. Interms of functionality, four types of polymerscan
be distinguished including non-polar (i.e.,, PIB), chlorine
attached (PV C), phenyl group attached (PS and PSB) and cyano
group attached (PA and PAB). PIB and PVC have low
compactness and have been fully studied in the literature. The
copolymers, PAB and PSB, should al so exhibit lower compact-
ness than PS and PA because it is more difficult to pack these
polymersin order. Polymer solutionsin 3% (w/v) were used to
coat the ZnSe crystal and ATR spectra were then measured. To
study the performance of these polymers in the absorption of
phenals, 2,3-DCP was used as the probe molecule. Spectrawere
collected through the absorption of 70 mL of probe molecules at
aconcentration of 100 mg L—1 for 20 min. Based on absorption
peak intensity of 2,3-DCP |ocated at 906 cm—1, the obtained IR
signalsusing different polymersareshownin Fig. 3A. Ascan be
seen in this figure, highly compact polymers, such as PA and
PS, have weak IR peak intensities. This is caused by the slow
diffusion of analytes into the compacted polymer phases. PIB
and PVC have low compactness but lack a suitable polar
functional group, which leads to low IR signas. The low-
compact polar polymers (i.e., PSB and PAB) showed different
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Fig. 1 Structure of the liquid cell and optical arrangement used in this
work.
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Fig. 2 Typical detected spectra of four different types of compounds in
100 mg L—1 of aqueous solutions.
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Fig.3 A, detected IR signals of 100 mg L—1 of 2,3-DCP using six SPME
phases, PIB, PVC, PS, PA, PSB and PAB. B, detected IR signals for four
compounds at aconcentration of 100 mg L —*. Both PAB and PSB were used
as SPME phases.

capabilitiesin the adsorption of 2,3-DCP. Because the diffusion
speedswere similar in these three polymers, the differencein IR
signals was caused mainly by the functionality of the attached
groups. The observed IR signals showed that PAB has a very
high IR signal but PSB has a peak intensity of half of PAB. This
may be because the interaction between the cyano group and
phenal is stronger than between the phenyl group and phenol.
To verify that PAB is the most suitable SPME phase for
phenals, 4-NP, 4-MP and 3-HP were further examined using
both PAB and PSB as SPME phases. Results are plotted in Fig.
3B. The peak positions for the examined compounds were 1337
cm—1, 1515 cm—1, and 1147 cm—1, for 4-NP, 4-MP and 3-HP,
respectively. As can be seen in this figure, the IR signals of
these three types of phenols were higher using PAB than using
PSB. This proves that PAB is more suitable for phenol
compound detection than the PSB polymer. Therefore, PAB
was used as the SPME phase in the following analyses.

Determination of SPME film thickness and stability in
aqueous solutions

As discussed above, PAB was the most suitable hydrophobic
film for phenol absorption. To determine the most suitable
thickness for ATR-IR chemical sensor absorption, PAB solu-
tions of 1 to 5% (w/v) were prepared. After placing a PAB
coating on the surface of the IRE, the PAB spectra were
collected. Fig. 4A shows the results obtained by plotting the
peak intensity of the —CN stretching bond located at 2237 cm—1
against that of the PAB solution concentration. As can be seen
in this figure, the peak intensity increased as the PAB solution
concentration increased, but reached a maximum value when
3% PAB was used. This is because the PAB thickness is close
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Fig. 4 A, IR signals of PAB against the concentrations of the coating
solutions. B, variation of IR signals of water after soaking PAB-coated | REs
in water.
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to d,,. The standard deviation for this coating procedure wasless
than 5%, as seen in Fig. 4A. As the SPME phases should be
stable enough to obtain consistent data, a coated ATR crystal
was placed in water for acertain period of time and the polymer
absorption peak intensity was monitored. The CN peak intensity
slightly decreased to a certain value (10% decrease of the CN
signal) after soaking the polymer in an aqueous solution for 40
min. This may be because the polymer was partially removed
from the ZnSe crystal. However, after the coated crystal was
removed from the agueous solution and dried with an electrical
fan for 20 min, the CN peak intensity returned to the original
value. Therefore, we believe that the refractive index of the
polymer film was changed by the water molecules that
penetrated into the coating, and this was responsible for the
decrease in peak CN intensity. The peak intensity for the water
absorption was monitored at around 3500 cm—1, as shown in
Fig. 4B. The water absorption band changed rapidly after the
aqueous solution penetrated, and the peak intensity slowly
increased after 10 min.

Absorption time profiles

To study the speed of phenol detection, 2,3-DCPwasused asthe
probe molecule and its absorption-time profile was obtained by
plotting the peak intensity of 2,3-DCP at 906 cm—1 against the
absorption time. Two conditions were used, with and without
sample solution stirring. The absorption-time profiles are
plotted in Fig. 5A and the corresponding results from egn. (4)
aretabulated in Table 1. As can be seen in this figure, the time
to reach 80% of the maximum signals was around 20 min and
the time was dlightly reduced by stirring the sample solutions.
To study the effect of salt addition, different amounts of NaCl
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Fig.5 A, Absorption-time profiles for 100 mg L1 of 2,3-DCP with (¢)
and without stirring () B, absorption-time profiles after addition of NaCl;
0% (M), 5% (@), 10% ( A ), 20% (@).
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were added to 100 mg L—1 of a solution of 2,3-DCP. The
obtained IR signals are plotted against the soaking time in Fig.
5B. As can be seen in this figure, the IR signals increased
greatly after soaking the sample solution for 60 min. The
analysis time should in practice be shorter than 20 min. As can
also be seen in Fig. 5B, the IR signals at 20 min of absorption
time were very similar with or without the addition of NaCl.
Thisrevealsthat the addition of NaCl to the sample solution can
effectively increase the sensitivity of equilibrium conditions,
but haslessinfluence on the sensitivity of phenol detectioniif the
system is operated under non-equilibrium conditions. The
corresponding fitted results from egn. (4) are aso tabulated in
Table 1 for easier comparison.

Effect of pH on chlorophenol determination

Because phenols contain the hydroxyl group, which acts as an
acid in agueous solutions, the pH of the sample should be
considered in order to increase the detection speed. When
phenols dissolve in water, a portion of the phenols will bein a
charged form. This charged form of phenols reduces the
capability of the hydrophobic film to attract the chemicals. To
obtain the optimal analytical conditions, the pK of the phenols
was estimated based on the Hammett equation.® This equation
can be expressed as:

pk, (phenols) = pK ,(phenol) — pzoi )

where p is the susceptibility factor and o is the Hammett
constant. For phenol, pK;is9.92 and p is2.25. Thevalues of o
for different functional groups at any position can be easily
obtained from the literature.r According to egn. (5), the pKy
values for the examined phenols were calculated and the results
arelisted in Table 2.

Based on the estimated pK, values, the free form of phenols
at any pH can be calculated. As can be seen in Table 2, the
neutral form of most phenols is higher than 90% for a pH
controlled at avalue lower than 6. For phenolswith a pK, lower
than 7, the neutral form percentage at pH = 6 isless than 90%.
If the solution is not pH controlled, the percentages of neutral
form phenols will be concentration related. Because of the low
concentration of analytes, the pH value should be closeto 7 for
low phenol concentrations. For phenols with a pK, higher than
7, this effect is smaller because most analytes are in the neutral
form. To study this effect, 4-MP, 2,3-DCP, 2,4,6-TCP, and
2,4-NP were used as probe molecules and their pK, values were
10.30, 7.56, 6.34 and 5.38, respectively. Solutions were
prepared at a concentration of 100 mg L—1. These solutions
were tested with and without pH adjustments. The pH values of
the sample solutions were adjusted by addition of HCI and
NaOH to 4, 6 and 8. 2,3-DCP wasfirst examined to obtained the

Table1 Fitted coefficients of k and a in egn. (4)

Conditions k a
Effect of Stirring:
No stir 260 0.068
Stir 294 0.075
pH Effect:
Not adjusted 294 0.075
pH = 4 319 0.067
pH = 6 279 0.061
pH =8 108 0.067
Addition of NaCl:
0% 294 0.075
5% 47 0.044
10% 564 0.034
20% 798 0.020




influence of pH on the absorption/extraction time profiles. Egn.
(4) was used to fit the obtained time profiles and the results are
tabulated in Table 1. As can be seen in this table, the k
coefficient in egn. (4) isstrongly influenced by pH. Thisreveas
that the amount of 2,3-DCP partitioned into the SPME phase
varied with the pH value. However, the speed of penetration
into the SPME phase was not influenced by pH, because the
coefficient awasvery similar for different pH values. To further
explorethisbehavior, other compoundswere al so examined and
the results of the obtained IR signals after soaking in the sample
solution at a concentration of 100 mg L—1 for 20 min are
tabulated in Table 2. Ascan be seenin thistable, for compounds
with pK, larger than 7, the IR signals for solutions without any
pH adjustment are very close to the signals for solutions
adjusted to low pH values. For compounds with pK, smaller
than 7, the obtained signalsvaried largely at different pH values.
Therefore, for determination of compounds with low pK,,
solutions should be pH controlled.

Linearity and detection limitsin the determination of
chlorophenols

More than ten phenols were examined for their standard curve
linearity and sensitivity. Table 3 lists the signals of these
compounds using a 3% PAB-coated |RE to absorb concentra-
tions of 1 to 150 mg L—1 of each compound. The absorption/
extraction time was 20 min in these runs. As can be seenin this
table, the obtained IR signals were very intense for most of the
compounds, especially for chlorophenols. The IR signals of
three compounds, phenol, 4-HP and 2,4-DNP, were very wesak.
This may be caused by the low partition coefficient for PAB to
absorb these high polarity compounds. Based on three timesthe
noise level, the calculated detection limits for these chlor-
ophenols are also tabulated in Table 3. Detection limits were
lower than 200 ug L—1 for most of the compounds but higher
than 2 mg L—1 for the three high polarity compounds. The
regression coefficients of the five compounds were higher than
0.996. This indicated that this method was very suitable.

Analyses of real water samples

As apreliminary test to determine whether real water matrices
interfered with these extractions, each of the anaytes was
spiked into two types of water to form concentrations of 10
mg L —1 of analytes. Creek water was obtained in acreek located
in the northern part of Taiwan (Old Street Creek). The
underground water was obtained by pumping underground

Table2 Calculated pK, values and obtained IR signals for five phenols
measured a different pH. Absorption time was 20 min for al the
measurements

Compounds pKa  Compounds pH IR signa/mAU
2,4,6-TMP 10.89 4-MP No adjustment  68.63 (+2.39)
2-MP 10.21 4 68.97 (+3.98)
4-MP 10.30 6 66.97 (+2.10)
3-HP 9.70 8 67.53 (+0.90)
2,4-DNP 5.38
4-NP 8.17 2,3-DCP No adjustment 222.9 (+14.1)
Phenol 9.92 4 232.9 (+12.5)
4-CP 9.40 6 196.4 (+18.3)
2,3-DCP 7.56 8 78.6 (+4.6)
2,4-DCP 7.87
2,6-DCP 6.86 2,4,6-TCP No adjustment 119.5 (+4.0)
3,4-DCP 857 4 140.0 (+8.2)
2,4,6-TCP 6.34 6 70.5 (¥5.5)

8 7.3 (x0.3)

2,4-DNP No adjustment  13.9 (+0.4

4 21.0 (+2.5)

6 Undetectable

8 Undetectable

water (located in the campus of Chung-Yuan Christian
University, Taiwan) from roughly 30 feet below the ground
surface. After evaporation in air, the residual concentrationsin
the creek and underground waters were 156 and 136 mg L—1,
respectively. Because the pH of the agueous sample can
influence the extraction efficiency strongly, the pH values of the
water matrices were also examined and found to be 6.7 and 6.1
for the creek and underground waters, respectively. To
eliminate the pH effect, all of the water samples were buffered
using 0.01 M potassium biphthalate, which has a pH vaue
around 3.97. Buffered de-ionized water was used for analytical
signal comparison. The calculated recovery data defined as the
ratio of signals from real water samples to that of de-ionized
water are shown in Table 4 aong with the RSDs of the
measurements. The percentage RSDs were obtain from tripli-
cate measurements in these water matrices. As can be seen in
Table 4, the recoveries were good, ranging from 95 to 103%.
The solid matter in the water sample did not significantly affect
the extraction recoveries for the examined phenols.

Regeneration of SPME phase

The SPME phases can be easily regenerated. The performance
of water was examined in removing the absorbed 2,3-DCP and
4-NP out of the SPME phase. The obtained IR signals showed
that, after soaking the absorbed SPME phase in water for 20
min, the IR signals decreased to about 25% of the original
signal. If the water contained 5% methanol, the speed of
regeneration increased dightly and the residual signal was
around 10% for 20 min of regeneration. The speed in removing
analytes was also dependent upon which analyte was absorbed.
For example, for removing 4-NP out of a PAB phase, the

Table 3 Obtained analytical signals for examined phenols based on 20
min of extraction/absorption time

Peak Detection

IR Signals?/ position/ limite/
Compounds mAU cm—1 ugL-1 Red
2,4,6-TMP 455.6 (+2.8) 1488 103 0.9964
2-MP 109.2 (x2.4) 1107 602¢
4-MP 207.5 (+3.8) 1515 241 0.9999
3-HP 12.0 (x4.5) 1147 5475¢
2,4-DNP 34.2 (+4.4) 1265 1921¢
4-NP 300.0 (+7.1) 1337 447 0.9998
Phenol 32.9 (£3.0) 1501 1999¢
4-CP 172.6 (x0.5) 1267 227
2,3-DCP 261.0 (+20.1) 906 154 0.9960
2,4-DCP 298.1 (+13.1) 1287 149
2,6-DCP 120.1 (+3.6) 1319 547¢
3,4-DCP 2945 (+14.6) 1286 207
2,4,6-TCP 195.1 (+11.4) 1395 517 0.9972

2100 mg L—1 samples containing 20% (w/v) of NaCl were examined.
b Detection limits were estimated from the signals of analytes at a
concentration of 1 mg L—1 (three times the peak-to-peak noise level).
¢ Detection limits were estimated from the signals of analytes at a
concentration of 10 mg L—1. d No addition of NaCl, and detection time of
20 min.

Table 4 Recoveries (20 min) for three phenols spiked into real water
matrices

% Recoveries (%RSD)2
Chemicals Creek Water Underground Water
4-NP 99.3 (6.8) 101.3 (3.0
2,3-DCP 103.9 (1.3 103.7 (4.6)
2,4,6-TMP 95.0 (6.4) 99.4 (3.4)

aRSD (%) data obtained from triplicate extractions of 10 mg L—1
analytes.
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residual signals were close to 5% after soaking in water for 20
min. Using the regenerated sample to absorb analytes, less than
3% of the standard deviation could be obtained.

Conclusion

In this study, the SPME/ATR-IR method was used to detect
phenol compounds. The use of the PAB as the SPME phase was
the essential element in the success of this method in phenol
detection. This polymer has been compared to other commonly
used polymers and some commercially available polymers. The
investigated resultsindicated that PAB was much more suitable
for the attraction of phenols. To increase the sensitivity in the
detection of phenols, both the pH and salt effects were studied.
As the results indicated, a pH lower than 7 is suggested for
detection of phenols dueto the acidity of thistype of compound.
Thesalt canincreasethe IR signals. However, in terms of speed
of analyte detection, the ow speed in reaching equilibrium
limits the use of the salting out effect. The results from
examination of the standard curve linearity indicated that the
regression coefficients (R2) are higher than 0.996 for four types
of phenols. The obtained detection limits for phenols are lower
than 200 pg L—1 for most of the compounds. However,
sensitivity was relatively low for high- polarity compounds,
such as phenol, 4-HP and 2,4-DNP. In the analysis of real water
samples, the recoveries for two kinds of water spiked with
different phenols ranged from 95% to 103%. Thisindicates that
the water matrix did not significantly influence the analytical
signals.
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