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Abstract

Mass-balance data were acquired using fluorescence spectrometry for 2-naphthol and three polycyclic aromatic hydrocarbon (PAH) metabolites
using liquid–liquid–liquid microextraction and liquid–liquid microextraction systems. The PAH metabolites are very important biomarkers, and
there has been no previously reported mass-balance data on these compounds with microextraction systems. In addition, the effects of two solvent
systems used in the preparation of donor and acceptor phases were investigated. The effects of the solvent systems on the partitioning process were
compared. The mass balance results showed that significant amounts of the hydrophobic metabolites were held in the pores of the microfiber in both
t e concentration
o tively large
a ntrated, and
f trometry.
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he three-phase and two-phase microextraction systems. Based on the mass-balance data, a new enrichment factor was defined as th
f the solute trapped in the pores of the fiber divided by the initial concentration of the solute in the donor phase. Because of the rela
mount of the solute in the pores, it is envisioned that the solutes could be easily extracted from the pores, the extraction solvent conce

urther separated by capillary electrophoresis or characterized by solid-matrix phosphorescence, solution fluorescence, or mass spec
2005 Elsevier B.V. All rights reserved.
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. Introduction

The metabolites of polycyclic aromatic hydrocarbons are
mportant biomarkers for exposure to polycyclic aromatic
ydrocarbons. Many of the polycyclic aromatic hydrocarbons
re potent carcinogens and mutagens and are most often excreted

n the urine[1,2]. Frequently, the metabolites appear in com-
lex biological matrices and are present only at trace levels.
herefore, developing methods for sample clean-up, preconcen-

ration, and detection in complex matrices is of major concern
or determining exposure levels to these potentially carcinogenic
ompounds. The matrices most often encountered are fluids
uch as plasma, blood, and urine. Much of the work regarding
olycyclic aromatic hydrocarbon metabolites has focused on 1-
ydroxypyrene since it is the principle metabolite of pyrene[3].

Recently, the technique of liquid-phase microextraction
as been developed to concentrate small amounts of sam-
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ple, to separate small solutes from larger species, su
DNA, and to reduce the use of toxic organic solvents use
more conventional extraction measures, for example, so
extraction. Several types of liquid-phase microextraction t
niques have been developed. Single-drop microextraction[4–7],
liquid–liquid–liquid microextraction (LLLME)[8–11], hollow
fiber protected liquid-phase microextraction[12,13], and stir ba
sorptive extraction[14–17]are some of the techniques that h
been developed for the extraction and preconcentration o
lytes from various matrices.

LLLME is a three-phase microextraction technique wh
incorporates a porous polypropylene hollow fiber as a m
brane that separates the donor phase from the acceptor
[8,9] with an organic phase impregnating the pores of the
low fiber. LLLME can extract ionic hydrophobic compoun
from aqueous samples and concentrate them for detection
aqueous phase outside the fiber is the donor phase, and the
inside the lumen of the fiber is the acceptor phase. The an
partitions from the donor phase into the organic phase, a
further partitions into the acceptor phase where the solu
concentrated for further detection. Typically, the acceptor p
039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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is a small volume of solvent that is in the microliter range[8,9].
The resulting difference in phase ratio of the acceptor and donor
phases allows for substantial enrichment of the analyte. The
small pores of the hollow fiber also prevent large matrix compo-
nents in the donor phase from entering the acceptor phase, thus
permitting the clean-up of the sample. If the acceptor phase is
changed from an aqueous phase to an organic phase (1-octanol),
then a two-phase microextraction system results.

The work discussed in the literature primarily considers the
applications of three-phase and two-phase microextraction. Sev-
eral fundamental studies have been reported for the mass trans-
fer in three-phase and two-phase microextraction systems. Ma
and Cantwell[18] have considered several aspects of three-
phase microextraction. For example, they developed a solvent
microextraction technique to perform simultaneous forward-
and back-extraction across a microliter-size organic liquid mem-
brane. Also, they developed a kinetic model to describe the
extraction process and verified the extraction process experi-
mentally. Several other groups have reported on the theoretical
aspects of three-phase microextraction[19–25]. Ho et. al[26]
have further developed some of the theoretical aspects of three-
phase microextraction and two-phase microextraction. They
provided a mathematical description for extraction, recovery,
and enrichment for two-phase and three-phase microextraction
systems.

A more detailed understanding of the basic aspects of three-
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sample were added to a 4 mL vial and then diluted to a total vol-
ume of 4 mL. The acceptor phase was 25�L of 0.1 M NaOH, or
25�L of 1-octanol, and it was added to the lumen of the hollow
fiber with a 50�L syringe. The NaOH was obtained from J.T.
Baker Chemical Co. (Phillipsburg, NJ). 1-Octanol was obtained
from Aldrich Chemical (Milwaukee, WI). For several of the
experiments, the donor and acceptor phases were prepared in
methanol:water (30:70). In several other experiments, the donor
and acceptor phases were prepared in HPLC grade water. The
HPLC grade methanol and water were purchased from EM Sci-
ence (Gibbstown, NJ).

The compounds investigated in this work were 2-naphthol,
1-hydroxypyrene, 3-hydroxybenzo[a]pyrene, and tetrol II-2. 3-
Hydroxybenzo[a]pyrene and tetrol II-2 were purchased from
the NCI Chemical Carcinogen Reference Standard Repository,
Midwest Research Institute (Kansas City, MO). 2-Naphthol was
obtained from Aldrich (Milwaukee, WI). These compounds
were 99% pure or greater. Methanol and water were of HPLC
grade and purchased from EM Science (Gibbstown, NJ).

2.3. Mass balance

Experiments were preformed to remove the metabolites and
2-naphthol from the pores of the polypropylene hollow fiber and
determine the mass of the solute trapped in the organic phase
using fluorescence spectrometry. After the microextraction pro-
c nd the
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hase and two-phase microextraction is important for impro
xtraction efficiency and enrichment of analytes of interes
his paper, fluorescence spectrometry was used to determi
asses in the donor and acceptor phases, and the pores of t

ow fiber for several hydroxyl polycyclic aromatic hydrocarb
etabolites. Detailed mass data were obtained for both t
hase and two-phase microextraction systems. Solution flu
ence spectrometry proved to be very effective in determ
he masses of the solutes in the various phases. Compa
ere made between the masses in three-phase and two
icroextraction systems, two different solvent systems, and
ifferent time periods. Also, based on the mass-balance d
ew enrichment factor was introduced.

. Experimental

.1. Liquid–liquid–liquid microextraction

The microextractions were performed with the Accurel Q
olypropylene hollow fiber (Membrana, Wuppertal, Germa
he length of the fiber was 6.5 cm. The inner diameter of the
as 600�m. The wall thickness was 200�m and the pore siz
as 0.2�m. The procedure for liquid–liquid–liquid microe

raction and for liquid–liquid microextraction were publish
reviously with the exception that in this work the donor
cceptor phases were aqueous phases for some of the
ents rather than methanol:water (30:70)[27].

.2. Reagents

The donor solution used for this work was 0.01 M HCl.
repare the donor phase, aliquots of the appropriate amo
he
ol-

-
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ns
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edure was performed, the acceptor phase was collected a
ollow fiber was removed and lightly blotted with a Kimw
imberly-Clark Corp. (Roswell, GA). Furthermore, the fib
as then placed in 4 mL of HPLC grade methanol and st

or 5 min to remove the trapped analyte in the pores of the
he fluorescence intensities of the metabolites and 2-nap
ere obtained using the Perkin-Elmer LS 50-B luminesc
pectrometer. The concentration present in the pores of fibe
etermined using standard fluorescence calibration curves
olutions for the calibration curves were prepared in pure H
rade methanol. The concentrations of solute in the accepto
onor phases were determined as discussed earlier[27].

The complete mass balance was obtained in duplicat
ach metabolite and 2-naphthol. In one set of experiment
omplete mass balance was obtained where the donor and
or phases were prepared in methanol:water (30:70). In an
et of experiments, the complete mass balance was ob
n which the donor and acceptor phases were prepar
ater.

.4. Spectroscopy with 1-octanol

A standard 4 mL glass vial with a screw cap was used
his experiment. 1-Octanol was stored under nitrogen. The
olutions of 1-hydroxypyrene were prepared in HPLC g
ethanol and stored in a refrigerator. Sodium hydroxide s

ions were prepared in HPLC grade water. For this experim
mL of the 0.1 M NaOH stock solution was added to a 4
lass vial, and then 1-hydroxypyrene was added in micro
mounts to the 1 mL of the 0.1 M NaOH that was added to
lass vial. Then, 1 mL of 1-octanol was added to the glass
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Table 1
Mass data for 2-naphthol and several PAH metabolites using three-phase
microextraction at 30 min (the donor and acceptor phases were prepared in
watera)

Compoundb Donor (%) Pores (%) Acceptor (%) Total (%)

1 21.4± 2.2 40.0± 3.6 39.7± 2.7 101.1± 5.0
2 17.0± 1.8 82.4± 0.59 5.0± 0.21 104.4± 1.9
3 47.5± 0.3 49.2± 12.1 0.99± 0.14 97.7± 12.1
4 43.8± 1.2 61.8± 5.5 0.31± 0.055 105.9± 5.6

1. The initial mass of 2-naphthol was 125.2 ng. 2. The initial mass of 1-
hydroxypyrene was 16.5 ng. 3. The initial mass of 3-hydroxybenzo[a]pyrene
was 100.0 ng. 4. The initial mass of tetrol II-2 was 200.0 ng.

a Average of nine experiments.
b The number refers to the initial mass and name of the compound investigated.

and shaken. After 15 min, the 1-octanol phase was removed and
fluorescence spectra were collected for 1-hydroxypyrene.

2.5. 1-Octanol volume

The volume of 1-octanol in the pores of the hollow fiber
was determined by weighing the hollow fiber with no 1-octanol
present and then immersing the hollow fiber in octanol for 15 s
and blotting the excess 1-octanol away with a Kimwipe. The
fiber was weighed again. Using the density of 1-octanol, the
volume of 1-octanol in the pores of the fiber could be determined.
The volume of octanol present in the pores was determined to
be on average 23± 0.95�L. This experiment was performed 10
times. The density of 1-octanol used for the calculation of the
volume was 0.83 g/mL.

3. Results and discussion

3.1. Masses at 30 min for three-phase microextraction

In studying three-phase microextraction, it is important to
obtain the mass distribution of the solute in the three phases
including the mass of the solute trapped in the pores of the hollow
fiber to assess the effectiveness of the microextraction system.
Therefore, the mass-balance data were obtained for several of the
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Table 2
Mass data for 2-naphthol and several of the PAH metabolites at 30 min (the
donor and acceptor phases were prepared in methanol:water (30:70)a)

Compoundb Donor (%) Pores (%) Acceptor (%) Total (%)

1 59.5± 4.6 43.1± 4.5 13.6± 2.0 116.2± 6.7
2 38.5± 2.4 53.5± 8.9 8.5± 0.8 100.5± 9.3
3 33.9± 1.6 56.0± 2.2 0.62± 0.068 90.5± 2.7
4 71.6± 1.1 18.1± 0.6 0.25± 0.027 90.0± 1.3

1. The initial mass of 2-naphthol was 129.6 ng. 2. The initial mass of 1-
hydroxypyrene was 20.0 ng. 3. The initial mass of 3-hydroxybenzo[a]pyrene
was 105.2 ng. 4. The initial mass of tetrol II-2 was 216 ng.

a Average of nine experiments.
b Number refers to the initial mass and name of the compound investigated.

The mass-balance data for the hydroxyl PAH metabo-
lites and 2-naphthol showed that a substantial amount of the
solute gets trapped in the 1-octanol in the pores of the fiber
for the four solutes investigated and for both solvent sys-
tems (Tables 1 and 2). However, the amount trapped in the
pores changes with solvent composition. For example, for 1-
hydroxypyrene, the percent mass trapped in the pores of the
fiber was 82.4% of the initial mass when aqueous phases were
used (Table 1). The percent mass trapped was lower when
methanol:water (30:70) was used as the solvent.Table 2shows
that 53.5% was trapped in the pores of the fiber. Furthermore, the
partitioning of the three metabolites to the acceptor phase from
the 1-octanol phase was relatively small when using either sol-
vent system. However, for 1-hydroxypyrene, asTables 1 and 2
show, the amount in the acceptor phase was higher (8.5%) when
using the methanol:water solvent system compared to the aque-
ous phases (5.0%). For 3-hydroxybenzo[a]pyrene and tetrol II-2,
the transfer to the acceptor phase was slightly better with aque-
ous phases. It should be emphasized that the amount trapped in
the organic phase within the pores of the hollow fiber is much
greater than the amount transferred to the acceptor phase using
either solvent system (Tables 1 and 2).

The quantity of 2-naphthol transferred to the acceptor phase
was greater than for the metabolites using either solvent sys-
tem. This most likely results because of the lower logKow
(2.7) value of 2-naphthol, and fewer aromatic rings, as com-
p
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l ings.
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onor and acceptor phases prepared in methanol:water (3
he methanol:water (30:70) solvent was investigated bec

his solvent was important in the solid-matrix phosphoresc
f benzo[a]pyrene–DNA adducts and tetrol I-1[28–30]. The
ass-balance data would not only give the distribution o

olute in the phases, but also permit conclusions to be
bout the effects of the two different solvent systems on
ass distributions. The results of the mass balance experi

n aqueous and methanol:water (30:70) solvents are giv
ables 1 and 2, respectively, at 30 min. Experiments showe
t 30 min extraction equilibrium was not reached[27]. However
0 min was used because the microextraction was very effe
ver this time period and 30 min could be used in more rou
xperiments.
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ared to the hydroxyl PAH metabolites. The termKow is the
artition coefficient of a solute distributed between 1-oct
nd water. It is widely used as a measure of the hydroph

ty of a solute. The PAH metabolites have significantly hig
ogKow values because of the greater number of aromatic r

e have discussed previously the relationship between logKow
nd the microextraction of the PAH metabolites in the th
hase microextraction system[27]. The higher the logKow the

ess efficient was the extraction because a large fraction o
olute remained in the 1-octanol in the pores. It is also ap
nt that adding methanol to the solvent system inhibited
f the four model compounds from leaving the donor phas

s observed by comparing the data inTables 1 and 2for the
ercentage of masses remaining in the donor phase after e

ion. A clear example of this is tetrol II-2 where 71.6% of
tarting mass (216 ng) remained in the donor phase when
ethanol:water (30:70) phase (Table 2). For tetrol II-2, w
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Table 3
Mass data for 2-naphthol and the PAH metabolites at 180 min (donor and accep-
tor phases prepared in MeOH:water (30:70)a)

Compoundb Donor (%) Pores (%) Acceptor (%) Total (%)

1 31.2± 2.5 44.9± 1.9 19.0± 2.5 95.1± 4.0
2 3.8 ± 1.7 86.2± 4.3 8.1± 0.25 98.1± 4.6
3 2.1 ± 0.23 66.0± 1.1 0.41± 0.29 68.5± 1.2
4 71.7± 1.5 19.2± 1.6 0.34± 0.12 91.2± 2.2

1. The initial mass of 2-naphthol was 138.0 ng. 2. The initial mass of 1-
hydroxypyrene was 16.0 ng. 3. The initial mass of 3-hydroxybenzo[a]pyrene
was 80.0 ng. 4. The initial mass of tetrol II-2 was 216.0 ng.

a Average of four experiments.
b Number refers to initial mass and name of the compound investigated.

aqueous phases, only 43.8% remained in the donor phase. Amaz-
ingly 61.8% of the initial mass of tetrol II-2 (200 ng) was trapped
in the pores of the hollow fiber with aqueous donor and acceptor
phases (Table 1). Only 18.1% of the tetrol II-2 was in the pores
with methanol in the donor and acceptor phases (Table 2). The
exception was 3-hydroxybenzo[a]pyrene with methanol present.
The methanol aids in removing the 3-hydroxybenzo[a]pyrene
from the donor phase into the 1-octanol phase, but does not
assist in the partitioning to the acceptor phase (Table 2). For
3-hydroxybenzo[a]pyrene, 33.9% of the initial mass remained
in the donor phase when methanol:water (30:70) was present,
but 47.5% remained in the donor phase when the solvent was
aqueous.

3.2. Mass balance at 180 min for three-phase
microextraction

The mass-balance data for three-phase microextraction of 2-
naphthol and the hydroxyl-PAH metabolites at 180 min is given
in Table 3. At 180 min, the microextraction system should be at
extraction equilibrium. The conditions for three-phase microex-
traction are the same forTable 2with all the phases prepared
in methanol:water (30:70). However, the initial concentrations
of three of the analytes are different inTable 3as compared to
Table 2. Nevertheless, the initial masses are close to one another.
B ,
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Table 4
Mass data for two-phase microextraction of hydroxyl-PAH metabolites at
30 mina

Compoundb Donor (%)c Pores (%) Acceptor (%)d Total (%)

2 26.1± 1.5 36.2± 2.4 13.8± 1.7 76.1± 3.3
3 23.4± 1.9 29.8± 1.5 10.9± 1.5 63.9± 1.9
4 70.8± 1.9 17.9± 2.7 6.8± 1.2 95.5± 3.5

2. The initial mass of 1-hydroxypyrene was 18.8 ng. 3. The initial mass of 3-
hydroxybenzo[a]pyrene was 80.0 ng. 4. The initial mass tetrol II-2 was 210 ng.

a Average of nine experiments.
b Number refers to initial mass and name of the compound investigated.
c The donor phase was 0.01 M HCl in methanol:water (30:70).
d The acceptor phase was 0.025 mL of 1-octanol.

exception of 2-naphthol, where 19.0% was found in the accep-
tor phase compared to 13.6% as shown inTable 2at 30 min.
The results inTables 2 and 3demonstrate that at 180 min the
percentage of solute trapped in the pores of the hollow fiber is
greater compared to the mass trapped in the pores at 30 min. For
1-hydroxypyrene, an amazing 86.2% was trapped in the pores
at 180 min, whereas 53.5% was trapped at 30 min.

The total mass found experimentally was low for 3-
hydroxybenzo[a]pyrene at 180 min for three-phase microex-
traction with methanol:water (30:70) phases (Table 3).
Only 68.6% was recovered for the three-phase system. 3-
Hydroxybenzo[a]pyrene has five aromatic rings and could have
adsorbed to the surface of the stir bar or glass container. Large
molecular weight polycyclic aromatic hydrocarbons are known
to adsorb to glassware and stir bars as has already been reported
[31].

3.3. Mass balance at 30 min for two-phase microextraction

In Table 4, the mass data for two-phase microextraction for
the metabolites are presented. In this experiment, the donor
phase was prepared in methanol:water (30:70). With 1-octanol
as the acceptor phase, a substantial amount of the mass still
remained trapped in the pores of the hollow fiber, and a signif-
icant amount of the mass also remained in the donor phase.
T was
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p the
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i he
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c small
( 2 and
2 three-
p ith
t ns-
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p d 3-
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ecause the results are reported in percentages inTables 2 and 3
he results in these tables are directly comparable. Tetrol II-
he same initial concentration for both experiments. The m
ransferred to the acceptor phase is similar to the mass trans
t 30 min for 1-hydroxypyrene. For example, 8.1% is pre

n the acceptor phase as compared to the 8.5% inTable 2at
0 min. In addition, the results for tetrol II-2 are almost id

ical to the results inTable 2where a majority of the mass f
etrol II-2 remained in the donor phase at about 72%. The
owever a slightly better transfer of the mass to the acc
hase (0.34%) at 180 min for tetrol II-2 as compared to the
0.25%) transferred at 30 min (Table 2). The complete m
alance data at 180 min demonstrate that the mass in the
hase decreased more significantly for all the compounds i

igated except tetrol II-2. At 30 min 1-hydroxypyrene has 38
emaining in the donor phase, whereas at 180 min the perce
emaining was only 3.8%. In addition, there was no corresp
ng increase in mass to the acceptor phase at 180 min wi
d
s
d

t

r
s
-
or
-

e
-
e

he mass of tetrol II-2 remaining in the donor phase
0.8% of the initial mass present (210 ng). However, with t
hase microextraction, a major improvement of transfer to
cceptor phase was observed in contrast to three-phase m

raction (Tables 1 and 2). This resulted because 1-octano
he acceptor phase. The major driving force for tetrol II-
ts solubility in the 1-octanol. Tetrol II-2 cannot ionize in t
ater or methanol:water (30:70) acceptor phases. Thus, th
entages of tetrol II-2 in the previous acceptor phases is
Tables 1 and 2). There was an improvement by factors of 2
7, respectively, as compared to the masses obtained with
hase microextractions inTables 1 and 2. For example, w

wo-phase microextraction, 14.3 ng of tetrol II-2 were tra
erred compared to 0.62 and 0.53 ng, respectively, for t
I-2 in Tables 1 and 2. It should be noted inTable 4that the
ercent total mass found is low for 1-hydroxypyrene an
ydroxybenzo[a]pyrene. No specific explanation can be g

or this other than the general loss due to the small initial sa
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Table 5
The enrichment factor (Ef(pore)) determined for the solute trapped in the pores of the fiber compared to the basic acceptor phase for three-phase microextraction

Compound Ef for basic
acceptor phasea

Ef(pore) aqueous
phaseb

Ef(pore) (30:70)
MeOH:water phaseb

Ef(pore) (30:70)
MeOH:water phasec

Ef(pore) two-phase
extractionb,d

1 40.2± 1.6 69.6± 6.2 75.1± 7.9 78.2± 3.3 –
2 10.9± 2.0 143.0± 10.2 92.9± 15.3 150.0± 7.5 15.7± 1.1
3 0.3 ± 0.06 85.5± 21.0 97.5± 3.9 114.8± 1.9 12.9± 0.65
4 1.1 ± 0.9 107.4± 9.6 31.1± 1.1 33.4± 2.8 7.8 ± 1.2

1. 2-Naphthol. 2. 1-Hydroxypyrene. 3. 3-Hydroxybenzo[a]pyrene. 4. Tetrol II-2.
a Values taken from reference[27] for methanol:water (30:70) at 30 min for three-phase microextraction.
b Values determined at 30 min.
c Values determined at 180 min.
d The donor phase solvent was 0.01 M HCl in methanol:water (30:70). Name and number of the compounds investigated.

sizes. However, the adsorption of the solutes to the glass vial and
the stir bar may also be a factor for the loss observed inTable 4.

3.4. Pore enrichment factor

The hydrophobicity of the hydroxyl PAH metabolites and 2-
naphthol is an important parameter to be considered in microex-
traction. Several of the metabolites have logKow values greater
than 4.0[27]. The large values of logKow demonstrate the high
degree of hydrophobicity of the PAH metabolites and their strong
preference for 1-octanol. The metabolites are only slightly polar,
and therefore the hydrophobicity of the metabolites will be one
of the main factors influencing both the three-phase and two-
phase microextraction of these compounds. In addition, the large
hydrophobicity of the hydroxyl PAH metabolites results in a
sizeable amount of these compounds being retained in the pores
of the fiber. Based on the results inTables 1–4, we define a new
enrichment factor given by Eq.(1), whereC2 andC0 are the
concentrations of the solute trapped in the pores of the hollow
fiber and the initial concentration present, respectively.

Ef(pore) = C2

C0
(1)

Table 5compares the newly defined pore enrichment factor
obtained under several conditions with the enrichment factors
o stem
u 0 min
T
d epto
p ase
T v-
e ta i
T ses
T wer
a ta in
T

ly
h from
t g 1
h
e 43.
w nric

ment factor was 92.9 when methanol:water (30:70) phases were
used at 30 min. In contrast, the normal enrichment factor with
the basic acceptor phase from the three-phase microextraction
was 10.9 (Table 5). It is interesting to note that inTable 5the
largest increase in the pore enrichment factors for 2-naphthol
was only by a factor of 1.9 with methanol:water (30:70) phases
at 180 min. Because of the high degree of hydrophobicity of
the PAH metabolites, they would tend to stay in the pores and
2-naphthol would spend less time in the pores.

Comparing the pore enrichment factors (fourth column in
Table 5) when methanol:water (30:70) phases were used with
enrichment factors obtained with a basic acceptor phase using
methanol:water (30:70) at 30 min extraction (second column in
Table 5), the pore enrichment factors improved by factors of
1.9, 8.5, 325.0, and 28.3 for 2-naphthol, 1-hydroxypyrene, 3-
hydroxybenzo[a]pyrene, and tetrol II-2, respectively. The pore
enrichment factors for 1-hydroxypyrene and tetrol II-2 can fur-
ther be improved if aqueous phases are used. For example, the
pore enrichment factor for tetrol II-2 was improved by a factor of
97.6 at 30 min. The pore enrichment factor for 1-hydroxypyrene
was improved by a factor of 13.1 with aqueous phases as com-
pared to the basic acceptor phase inTable 5.

Finally, the pore enrichment factors for two-phase
microextraction were determined for 1-hydroxypyrene, 3-
hydroxybenzo[a]pyrene, and tetrol II-2 (last column inTable 5)
at 30 min. For 1-hydroxypyrene, the pore enrichment factor was
1 trol
I ed in
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ng
t ol in
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p n of
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p

3

effec-
t e and
btained with the normal three-phase microextraction sy
sing a basic methanol:water (30:70) acceptor phase at 3
he enrichment factors in the second column ofTable 5are
efined as the ratio of the concentration in the basic acc
hase divided by the initial concentration in the donor ph
he pore enrichment factors (Eq.(1)) were determined for se
ral of the metabolites and 2-naphthol using the mass da
ables 1–3for both aqueous and methanol:water (30:70) pha
he enrichment factors for the solutes trapped in the pores
lso determined from the two-phase microextraction da
able 4.

The pore enrichment factors (Eq.(1)) were considerab
igher compared to the enrichment factors determined

he basic acceptor phase (Table 5, column 2). Usin
ydroxypyrene as the example for the data inTable 5, the
nrichment factor for the analyte trapped in the pores was 1
hen aqueous phases were used at 30 min. The pore e
.

r
.

n
.
e

-

0
h-

5.7; for 3-hydroxybenzo[a]pyrene it was 12.9; and for te
I-2 it was 7.8. These values show that less mass is trapp
he pores of the hollow fiber compared to the amount trapp
he pores of the three-phase microextraction systems (com
olumns 3 and 4 inTable 5).

Based on the results inTable 5, it is proposed that usi
he fiber without the acceptor phase and with only 1-octan
he pores of the hollow fiber and a aqueous donor phase w
rove to be a very efficient means for the microextractio

he PAH metabolites. Work has been undertaken to explor
ossibility, and the initial results are very encouraging.

.5. Anion in the organic phase

Because solution fluorescence spectrometry was very
ive in obtaining the masses of the solutes in the two-phas



448 M. Marlow, R.J. Hurtubise / Talanta 69 (2006) 443–449

Fig. 1. Emission spectrum for 1-hydroxypyrene in 1-octanol after the 1-octanol
was in contact with an aqueous solution of 0.1 M NaOH.

three-phase microextraction systems, preliminary experiments
were performed with fluorescence spectrometry to identify the
components in 1-octanol. The species in the 1-octanol in the
pores would have an influence on the distribution of the solutes
in the microextraction systems.

The mass-balance data inTables 1–4indicate the complex-
ity of the solute distribution in the three-phase and two-phase
microextraction systems. In considering models for the mass
transfer of the metabolites for three-phase microextraction, i
is important to determine the species present in each phase. F
three-phase microextraction, it is assumed that in the 0.01 M HC
donor phase the hydroxyl aromatics are in their neutral form
Also, it is assumed that upon entering the 0.1 M NaOH accep
tor phase that the compounds are completely ionized and form
the anions. However, what is present in the 1-octanol organic
phase in the pores of the fiber is not as clear. Experiments wer
performed using fluorescence spectroscopy where the 1-octan
was sampled to determine what species were present in the
octanol. However, the 1-octanol was not sampled directly from
the pores of the hollow fiber because of the small volume of
1-octanol in the pores. A 1-hydroxypyrene stock solution was
prepared in an aqueous 0.1 M NaOH to form the anion. Sub
sequently a small aliquot (10�L) was removed from the stock
solution and added to 3 mL of 1-octanol, and the sample wa
shaken vigorously and allowed to stand for 15 min before col-
lecting spectral data from the 1-octanol solution. InFig. 1, it was
o rene
a

1-
h the
n oton
w whe
p stan
t
p e

base would be a strong base and would have a strong tendency
to react with water. It is probable that during the microextrac-
tion of the metabolites that both forms of the metabolites are
present in the 1-octanol phase. The results observed inFig. 1sug-
gests that even if the metabolite is ionized in the acceptor phase,
the metabolite can partition back out of the acceptor phase into
the 1-octanol in the pores of the hollow fiber and subsequently
decrease the enrichment factor. The results inFig. 1indicate that
more detailed investigations are needed in the future to under-
stand the mechanistic aspects of three-phase microextraction
of large molecular-weight hydroxyl aromatics and that fluores-
cence spectrometry would be very useful in characterizing the
species.

4. Conclusions

To our knowledge, this is the first mass distribution data
that have been obtained for solutes in three-phase or two-phase
microextraction systems. Also, fluorescence spectroscopy was
shown to be a very useful tool in the determination of the very
small concentrations of hydroxyl aromatics distributed in the
various phases. The data inTables 1–4show the complexity of
microextraction and indicate that several factors are involved in
the transfer of the solute to the acceptor phase. The hydropho-
bicity of the hydroxyl aromatic metabolites is one of the main
f s in
t t sys-
t ceptor
p of the
s rent
s olute
a sed for
t . For
1 phase
f 0).

s in
t fined
t of the
m for
h es, a
v mply
r e of
m sidue
i r be
c resis,
s metry
o solid-
m etec-
t
F 59 to
3 ion
s paper,
w aro-
m thus
m ecies
f ase.
bserved that the molecular form (387 nm) of 1-hydroxypy
ppeared in the 1-octanol as well as the anion (446 nm).

The results inFig. 1 show that the conjugate base of
ydroxypyrene reacted with a proton in the 1-octanol to give
eutral form of 1-hydroxypyrene. It is proposed that the pr
as removed from the water that dissolves in the 1-octanol
erforming the extraction. It has been reported that a sub

ial amount of water is able to dissolve in 1-octanol[32,33]. The
Ka of 1-hydroxypyrene in water is 8.81[34]. Thus, its conjugat
t
or
l
.
-

e
ol
1-

-

s

n
-

actors in determining the partitioning of these compound
he microextraction systems. The results for the two solven
ems show that the solvent used to prepare the donor and ac
hases can have an important influence on the distribution
olute. However, the trends on the distribution with the diffe
olvents are not completely obvious. For example, more s
ppears in the acceptor phase when aqueous phases are u

hree-phase microextraction, except for 1-hydroxypyrene
-hydroxypyrene, more solute appeared in the acceptor

or three-phase microextraction with methanol:water (30:7
Because of the substantial amount of PAH metabolite

he pores of the fiber, a new enrichment factor was de
hat is based on how much solute appears in the pores
icrofiber. This enrichment factor would be very important
ydrophobic compounds. In particular, with aqueous phas
ery sizeable amount of solute remains in the pores. By si
emoving the compound from the pores with a small volum
ethanol, evaporating the methanol, and dissolving the re

n a very small amount of solvent, the solute could furthe
haracterized with techniques such as capillary electropho
olid-matrix phosphorescence spectroscopy, mass spectro
r fluorescence spectroscopy. It has been reported that
atrix phosphorescence spectroscopy is useful for the d

ion of hydroxyl aromatic metabolites in urine fractions[29].
or 1-hydroxypyrene, the range for human samples is 4
9,000 fmole/mL[29]. By using the two-phase microextract
ystem without the acceptor phase, as discussed in this
ith the urine factions, the concentration of the hydroxyl
atic metabolites would be enhanced considerable and
ake detection easier. Also, large molecular-weight sp

rom the urine fractions would not pass into the acceptor ph
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